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Distribution of serotonin and FMRF-amide in the brain of Lymnaea 
stagnalis with respect to the visual system 


Oksana P. TUCHINA', Valery V. ZHUKOV’, Victor B. MEYER-ROCHOW !*" 


1. School of Engineering and Science, Jacobs University, Bremen D-28759, Germany; 2. Department of Agricultural and Soil Ecology, 
Faculty of Bioresources and Natural Usage, Kaliningrad State Technical University, Kaliningrad 236000, Russia; 3. Department of Biology, Oulu University, 


Oulu, SF 90300 Finland 


Abstract: Despite serotonin’s and FMRF-amide’s wide distribution in the nervous system of invertebrates and their importance as 
neurotransmitters, the exact roles they play in neuronal networks leaves many questions. We mapped the presence of serotonin and 
FMRF-amide-immunoreactivity in the central nervous system and eyes of the pond snail Lymnaea stagnalis and interpreted the 
results in connection with our earlier findings on the central projections of different peripheral nerves. Since the chemical nature of 
the intercellular connections in the retina of L. stagnalis is still largely unknown, we paid special attention to clarifying the role of 
serotonin and FMRF-amide in the visual system of this snail and compared our findings with those reported from other species. At 
least one serotonin- and one FMRF-amidergic fibre were labeled in each optic nerve, and since no cell bodies in the eye showed 
immunoreactivity to these neurotransmitters, we believe that efferent fibres with somata located in the central ganglia branch at the 
base of the eye and probably release SHT and FMRF-amide as neuro-hormones. Double labelling revealed retrograde transport of 
neurobiotin through the optic nerve, allowing us to conclude that the central pathways and serotonin- and FMRF-amide- 
immunoreactive cells and fibres have different locations in the CNS in L. stagnalis. The chemical nature of the fibres, which connect 


the two eyes in L. stagnalis, is neither serotoninergic nor FMRF-amidergic. 


Keywords: Gastropoda; Nervous system; Retina; Visual projections; Retrograde transport; Immunocytochemistry; Neurotransmitters 


Mollusca have relatively high levels of serotonin, 
(SHT; Fujii & Takeda, 1988) one of the most 
quantitatively significant biogenic amines in the central 
nervous system (CNS) of L. stagnalis (Hetherington et al, 
1994). As Fujii & Takeda (1988), Hetherington et al 
(1994), and Swarowsky et al (2005) reported, the 
majority of SHT-ergic cells in the CNS of adult 
pulmonate gastropods are located in the cerebral and 
especially in the pedal ganglia. Amine-containing 
neurons in L. stagnalis were identified by several authors 
(McCaman et al, 1973; Cottrell & Bewick, 1989); the 
first systematic map for this species was prepared by 
Audesirk (1985) and then worked out in more detail by 
Hetherington et al (1994) and Hatakeyama & Ito (1999). 
Although important and well researched, the existing 
maps lack detailed information on the morphology of the 
serotoninergic pathways, particularly to the contributing 
fibres and a functional interpretation of identified 
structures. 


As a mediator, or perhaps modulator, SHT plays a 
significant role in a number of physiological and 
behavioural processes in L. stagnalis, such as the shadow 
reflex (Zhukov & Arkhipova, 2001) and its 
electrophysiological correlates (Samarova et al, 2005), 
and its feeding network (Yoshida & Kobayashi, 1994). 
Zhukov (2007) showed that serotonin is present in the 
optic nerve and the eye cup of L. stagnalis and that it 
changes the electrical responses of the eye to light in this 
snail (Zhukov et al, 2006), as it also does in Aplysia 
californica (Eskin & Maresh, 1982; Takahashi et al, 
1989). The central visual pathways and related neurons 
in L. stagnalis have already been identified and discussed 
elsewhere (Zaitzeva et al, 1982; Zhukov & Tuchina, 
2008; Tuchina et al, 2012), but the question of which 
chemical substances are involved in this mollusk’s visual 
system is still open. 

FMRF-amide-related peptides are the most 
abundant neuropeptides identified in invertebrates, along 
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with the allatostatin and tahykinin families. Schot & 
Boer (1982) demonstrated the presence of FMRF-ergic 
cells in the central nervous system of L. stagnalis, but 
their map lacked details on the distribution of the fibres. 
First identified in molluscs, FMRF-amide is a 
cardioactive neuropeptide, which increases both force 
and frequency of the heartbeat in L. stagnalis (Linacre et 
al, 1990; Lôpez-Vera et al, 2008) and has even been 
called ‘a typical molluscan peptide’ (Roberts et al, 1989). 
In numerous molluscan species, FMRF-amide-related 
peptides are also involved in regulating gut motility, 
feeding behaviour (Hernädi et al, 1998) and reproduction 
(Lehman & Price, 1987). FMRF-amide related peptides 
are also known to be present in the optic nerve and the 
eye of the snails Bulla gouldiana and A. californica 
(Jacklet et al, 1987; Roberts & Moore, 1987; Colwell et 
al, 1992), modulating the effects of light and serotonin 
on the function of the circadian oscillator in the eye of 
Aplysia (Colwell, 1990). Stimulation of the isolated 
retina from the eyes of the cephalopod Octopus vulgaris 
demonstrated that FMRF-amide, coupled with dopamine, 
induces an extreme light adaptation of the retina when 
exposed to illumination (Chin et al, 1994; Di Cosmo & 
Di Cristo, 1998). 

In order to investigate the neurotransmitters in the 
CNS, eye and optic nerve of L. stagnalis and to examine 
their relationships with identified central visual pathways 
(as well as central projections of pallial and some 
intestinal nerves) in this snail, the present work was 
carried out. 


MATERIALS AND METHODS 


Specimens 

Adult specimens of L. stagnalis (n=20) were 
collected during the autumn 2009-spring 2010 period 
from ponds around Bremen, Germany, kept in aquaria at 
room temperature under 12L:12D conditions and fed 
with cabbage or dandelion leaves twice a week. For the 
experiments snails were dissected under a binocular 
microscope (Zeiss Stemi DV4, Göttingen, Germany). 


Backfilling 

The brain, or isolated eye with an optic nerve in 
case of backfilling of the eye, was removed and 
transferred to a paraffin-filled Petri dish with phosphate- 
buffered saline (0.1 M PBS, pH 7.4). All of peripheral 
nerves except for the optic nerve were then cut close to 
the corresponding ganglia to avoid penetration of the 
labelling solution. The cut end of the optic nerve was 
placed in a tight vaseline pool, filled with distilled water, 
and exposed for approx. | min. The water was then 
replaced with labelling solution of 10% Neurobiotin 
(Sigma-Aldrich Inc., St.-Louis, MO), and samples were 
put in a fridge at 4 °C for exposition of the dye. After 
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24-48 h of exposure to neurobiotin, the samples were 
fixed in 4% freshly prepared paraformaldehyde (PFA) in 
PBS (3 h at room temperature or overnight at 4 °C), then 
washed at least 5 times in PBS (all further steps at 4 °C, 
on a shaker) and finally cleaned with forceps. Next, the 
brain samples were put in a blocking solution, containing 
3% albumin fraction V (BSA) and 0.05% Triton X (TrX) 
in PBS for approx. 12 h; they were then washed several 
times in cold 0.1% BSA with 0.05% TrX in PBS and 
exposed to an antibody solution (Streptavidin-FITC or — 
Cy3 (Sigma-Aldrich), diluted at 1:1 000 in solution of 
0.1% BSA and 0.05% TrX in PBS) for approx. 12 h. The 
samples underwent a wash in cold PBS buffer, were 
dehydrated in a graded series of ethanol (50, 70, 90, 
2x100%, 10 min each), methylsalicilated for 2-3 min 
and finally embedded in Permount. 

Whole mount samples were observed under the 
Zeiss LSM 510 META confocal microscope (Carl Zeiss, 
Jena, Germany), using LSM Image Browser and 
appropriate Zeiss software to make a series of confocal 
sections. The dichroic mirror type HFT 488/543, and 
emission filters LP 560 for Cy3 and BP 505-530 for 
FITC were used. The results obtained were processed 
using Adobe Photoshop CS (Adobe System Incorporated, 
San Jose, California, USA). In some experiments, to 
stain the nuclei of the cells, co-double labelling with 
neurobiotin and propidium iodide (Sigma-Aldrich) was 
carried out. In this case, some crystals of propidium 
iodide were added to PBS during the last washing, i.e. 
after application of secondary antibodies and before 
dehydration in ethanol. In experiments where neurobiotin 
backfilling was combined with immunocytochemical 
stainings in order to reveal neurotransmitters, the 
procedure for developing the neurobiotin was the same 
as described above. 


Immunocytochemistry 

For identification of neurotransmitters, the eyes and 
the brain with its optic nerves were removed and then 
fixed in 10% freshly made PFA in PBS (pH 7.4) at 4 °C 
overnight or for 2-3 h at room temperature. When the 
immunocytochemistry procedure was combined with the 
retrograde transport of neurobiotin through the optic 
nerve, backfilling with neurobiotin was carried out 
before the fixation. Following fixation, all further steps 
took place on a shaker at 4 °C. The samples were washed 
in PBS, 5 times for 10 min and incubated in 3% BSA 
overnight as it is described above for neurobiotin; they 
were then washed in 0.1% BSA with 0.05% TrX in PBS 
and exposed for 2-3 d to primary antibody solution: i.e., 
polyclonal rabbit anti-serotonin (Sigma Aldrich Inc., 
dilution 1:400) or rabbit anti-FMRF-amide (ImmunoStar, 
Mudson, WI, USA, dilution 1:400). After that, the 
samples were again washed in 0.1% BSA with 0.05% 
TrX in PBS and put overnight into secondary antibody 
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solution: i.e., goat anti-rabbit antibodies-FITC conjugate 
(Sigma Aldrich Inc., dilution 1:1 000). The whole mount 
samples were then washed in PBS buffer, dehydrated in a 
graded series of ethanol (50, 70, 90, 2x100%, 10 min 
each) and methylsalicilated for 2-3 min, embedded in 
Permount and finally observed under a Zeiss LSM 510 
META confocal microscope (Carl Zeiss, Jena, Germany). 

In connection with frozen sections, right after the 
exposure to the secondary antibody the samples were 
washed in PBS buffer, transferred to the molds, filled 
with freezing medium (Jung, Leica Microsystems, 
Nussloch, Germany), then frozen in liquid nitrogen for 
several minutes and cut with a Leica CM 1900 
microtome (Leica Microsystems, Nussloch, Germany). 
The section thickness was 60 um. The sections were air- 
dried on microscope slides for 20-30 min, washed with 
PBS, dehydrated in a graded series of ethanol (50, 70, 90, 
2x100%, 2 min each), methylsalicilated for 2 min, 
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embedded in Permount and finally observed under the 
confocal microscope. 


RESULTS 


Serotonin-immunoreactivity 

One, and in some samples two, serotoninergic fibres 
were found in the optic nerve of L. stagnalis (Figure 1A). 
When a fibrer eaches the eye cup, it forms numerous 
arborizations with many small varicosities (Figure 1B, 
C). Most of the arborizations do not penetrate through 
the basal lamina into the retina, but branch out around 
the eye. This structure can clearly be seen after double- 
staining with propidium iodide (Figure 1D), but at least 
one process does enter the photoreceptor layer of the 
retina to form varicosities there (Figure 1C). No 
serotoninergic cell bodies were mapped either in the eye 
cup or in the optic nerve. 


Figure 1 Distribution of SHT-ergic fibres in the optic nerve (A, B) and the eye (B-D) of L. stagnalis 


A) Serotoninergic fibres, labeled in the nerves of TOLm-complex, arrow marks the place, from where all three nerves pass under the common sheath and enter 


the CNS; B) optic nerve with stained fibre and abundant arborizations with varicosities in the eye; C) distribution of serotoninergic fibres in the eye cup, arrows 


mark some of varicosities, note 5-HT-ergic fibre, entering the nuclear layer of the retina (marked with arrow); D) co-labelling with 5-HT-antibodies (green) and 


propidium iodide (red), arrows mark 5-HT-ergic varicosities. D - frozen section, thickness of the section - 60 um. Abbreviations: no - n. opticus, nt - n. 


tentacularis, nlm - n. labialis minor, L - crystalline lens, V - vitreous body, P - pigment layer and NI - nuclear layer of the retina, Bl - basal lamina. Scale bar=50 


um on A and B, 20 um on C and 10 um on D. 
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A serotoninergic fibre labeled in the optic nerve 
goes to the neuropil of the ipsilateral cerebral ganglion 
(Figure 2B), but we were not able to follow it and 
identify its cell body. Many serotoninergic neuronal 
bodies and fibres were stained in the cerebral ganglia and 
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cerebral commissure (Figure 2A-C). There were the 
well-known cerebral giant cells (CGCs) with cell body 
diameters of no less than 75 um, located symmetrically 
in the mesocerebra of both cerebral ganglia and sending 
axons through the cerebro-buccal connectives to the 
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Figure 2 Distribution of 5-HT-ergic neurons and fibres in the CNS of L. stagnalis 


A) whole mount sample of the right cerebral ganglia with labeled serotoninergic giant cerebral cell (CGC) and group of cells near the cerebral commissure, B) 


frozen section of the left cerebral ganglion; abundant arborizations of the axons are clearly seen, C) serotoninergic fibres in the cerebral commissure, D and E 


— labeled neurons and fibres in the right parietal and visceral ganglia (ventral side). F - frozen section of the right parietal and visceral ganglia; serotoninergic 


fibres form a lot of arborizations and go into peripheral nerves. Abbreviations: CC - cerebral commissure, RCG and LCG - right and left cerebral ganglia, Ms - 


mesocerebrum, cple - cerebro-pleural, cbe - cerebro-buccal and cpec - cerebro-pedal connectives, LPaG and RPaG - left and right parietal ganglia, VG - visceral 
ganglion, nt - n. tentacularis, no - n. opticus, nfls - n. frontolabialis, np - n. penis, nps - n. pallialis sinister, pnde - pallialis dexter externus, npdi - pallialis 


dexter internus, ncp - n. cutaneus pallialis, ni - n. intestinalis, na - n. analis, ng - n. genitalis. Thickness of the sections - 60 um. Scale bar=50 um on A, B, C, E, 


F and 20 um on D. 
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ipsilateral buccal ganglia. These axons split into several 
branches in the cerebro-buccal connectives, reaching the 
buccal ganglia and sending processes to all of the buccal 
nerves. 

Close to the cerebral commissure, two symmetrically 
located groups of neurons were mapped in the middle of 





the cerebral ganglia (Figure 2A, 3A). Each group 
consisted of approximately 15 neurons, with cell body 
diameters of around 10 um. Some of these neurons were 
sending axons to the cerebral commissure and likely 
contacted the symmetrically located group of cells in the 
contralateral cerebral ganglion. Others of these neurons 





Le 


Figure 3 Double staining with 5-HT-antibodies (green) and neurobiotin, backfilled through the optic nerve, (red) in the 


nervous system of L. stagnalis 


A) right cerebral ganglion with optical neuropil, labeled with neurobiotin through the right optic nerve, arrow marks the fibrefrom the optical neuropil to the 
contralateral cerebral ganglion, B) optical neuropil, stained in the left cerebral ganglion through the left optic nerve, arrow marks the 5-HT-ergic fibre, C) plexus 
of 5-HT-ergic and neurobiotin-filled fibres in the right ipsilateral (to the side of backfilling) ganglion, D) stained fibres in the contralateral (to the side of 
backfilling) cerebral ganglion, E) plexus of fibres in the contralateral cerebral ganglion, F - optic nerve with two labeled fibres (marked with arrows): 5-HT- 
ergic (yellow colour of the fibreis due to the superposition of colours, namely red and green) and projection from the contralateral eye (red). Abbreviations: see 


Figure 2. Scale bar=50 um on A, 20 um on B, D and F, and 10 um on C and E. 
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Figure 4 Distribution of FMRF-amidergic neurons and fibres in the eye, optic nerve and CNS of L. stagnalis 
A) fibres, labeled in the optic and small labial nerves, B and C) co-staining of the eye cup with FMRF-amide-antibodies (green) and propidium iodide (red), D) 
neurons, stained in the right cerebral ganglion, E) in the right pleural and parietal ganglia, and F - in the visceral ganglion. Abbreviations: nn - n. nuchalis, nlme 
- n. labialis medium, for other abbreviations see Figure! and 2. Scale bar=20 um on A and C, 10 um on B and 50 um on D, E and F. 


distributed axons through the cerebro-pedal connective 
to the ipsilateral pedal ganglion, others through the 
cerebro-pleural connective to the corresponding ganglion, 
and some, probably, to the cerebral nerves. 
Serotoninergic fibres were found in all cerebral nerves, 
including the nerves of TOLm-complex (n. tentacularis, 
n. opticus and n. labialis minor). Several small cells were 
also labeled in the cerebral ganglia, measuring no less 
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than 7—15 um in diameter and not forming any clusters. 
Transit serotoninergic fibres with bulges and large 
varicosities and several small neurons were stained in the 
pleural ganglia. We can divide these transit fibres into 
several kinds: a) on each side of the circumesophagal 
ring there are two fibres, coming from the central 
neuropil of the cerebral ganglia; they bifurcate in the 
ipsilateral pleural ganglion and send one branch to the 


Wwww.zoores.ac.cn 


ipsilateral pedal and one branch further to the ipsilateral 
parietal ganglion; these fibres form big bulges in the 
pleural neuropil; b) there are some fibres, which seem to 
follow the same way, but they are at least half the size of 
the former, and it is hard to distinguish their exact 
topography and direction; c) some transit fibres, which 
were labeled on their way from parietal to ipsilateral 
pedal ganglia, do not send branches to the cerebral 
ganglia, at least not from the pleural ganglia; d) some 
fibres, coming from the cerebral ganglia, go to the 
ipsilateral pedal ganglion, but also do not spread 
processes further to the parietal ganglion; e) some thin 
fibres, coming from the parietal ganglia, bifurcate and 
send one branch to the ipsilateral pedal ganglion and 
another to the ipsilateral cerebral ganglion (Figure 5). 

In the right parietal ganglion, a group of neurons 
with cell body diameters no less than 25 um was labeled 
on the ventral surface close to the parieto-visceral 
connective. One or two small cells with diameters of 
12.5 and 20 um near the input of the n. pallialis dexter 
were sending their processes to this nerve. In the left 
parietal ganglion, only transit fibres and projections to 
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pallial nerves were mapped (Figure 2D). The main part 
of these projections is seen to come from the visceral 
ganglion, most likely from the labeled group of neurons 
there. 

Many serotoninergic cells were found in the pedal 
ganglia. These cells send their processes to the pedal 
nerves, and at least two big clusters of cells with 
diameters of cell mbodies of 10-15 um were stained as 
well. Near the inputs of the pedal nerves, some single 
neurons, and in some samples, groups of small neurons, 
were sending their axons to the corresponding nerves. As 
for the visceral ganglion, two clusters of neurons—one 
containing middle-sized neurons with cell body 
diameters of 25—40 um—are located in the middle of the 
ganglion, another one very close to the input of the n. 
intestinalis. The cells of the latter cluster are smaller, with 
diameters of around 10 um, and send their numerous 
processes to this nerve and probably to the n. analis (Figure 2E). 

Double staining with neurobiotin, backfilled 
through the optic nerve, and antibodies against serotonin 
showed that central visual projections and serotoninergic 
cells and fibres have a different topography. When the 





Figure.5 Schematic drawings, showing the distribution of the central visual projections, labeled with neurobiotin in L. stagnalis 
(bodies of neurons, which are located on the dorsal surface of the ganglia, are coloured red), and 5-HT-ergic (A, B) / FMRF- 


amidergic (C, D) fibres and neurons (green) 


Not all seroronin- and FMRF-amide immunoreactive fibres, which were stained, are shown on the drawings so as not to make them overly detailed. Arrows mark 
the nerve, which was subjected to backfilling. Abbreviations: RCG, LCG - right and left cerebral ganglia, CC - cerebral commissure, RBG, LBG - right and left 
buccal ganglia, RPIG, LPIG - right and left pleural ganglia, RPaG, LPaG - right and left parietal ganglia, VG - visceral ganglion, RPeG, LPeG - right and left 
pedal ganglia, cbc - cerebro-buccal connective, MB - mediodorsal bodies, nt - n. tentacularis, no - n. opticus, nlmi - n. labialis minor, nfls - n. frontolabialis, 
nlme - n. labialis medius, np - n. penis, nn - n. nuchalis, nci - n. cervicalis inferior, nc - n. colummelaris, npi - n. pedalis inferior, nps - n. pallialis sinister, pnde 
- pallialis dexter externus, npdi - pallialis dexter internus, ncp - n. cutaneus pallialis, ni - n. intestinalis, na - n. analis, ng - n. genitalis. 


Kunming Institute of Zoology (CAS), China Zoological Society 


Volume 33 Issues E1-2 


E8 TUCHINA, ZHUKOV, MEYER-ROCHOW 


optic nerve enters the cerebral ganglion, it forms a 
special structure—namely a dense bundle of many thin 
processes —the so-called optic neuropil (Figure 3A, B). A 
plexus of processes, filled with neurobiotin through the 
ipsilateral optic nerve and those, which showed reactions 
to serotonin, can be seen in Figure 3C under higher 
magnification. From this neuropil, at least one fibre is 
sent to the contralateral ganglion through the cerebral 
commissure (this fibreis marked with an arrow in Figure 
3A) to form arborizations in the contralateral neuropil. It 
does not contain serotonin, since no reaction with antibodies 
was observed (Figure 3D, E). One serotoninergic fibre 
stained in the optic nerve (marked in Figure 3B with an 
arrow) probably belongs to some central neuron, because 
no cell bodies were mapped in the eye cup or the optic 
nerve. From the optic neuropil, at least one axon goes to 
the contralateral optic nerve and reaches the eye cup; this 
fibre likewise does not contain serotonin (Figure 3F). 
The visual pathways labeled with neurobiotin in other 
ganglia seem to be different from those that showed 
immunoreactivity to serotonin (Figure SA, B). 


FMRF-amide-immunoreactivity 

One, or in some samples two, FMRF-amidergic 
fibres were stained in the optic nerve (Figure 4A) and 
many exhibited extensive branches with varicosities in 
the eye cup as well (Figure 4B, C). Double staining with 
propidium iodide and antibodies against FMRF-amide 
showed that some FMRF-amidergic branches penetrated 
the retina. No FMRF-amidergic cell bodies were found 
in the optic nerve or in the eye cup. 

An FMRF-amidergic fibre stained in the optic nerve 
goes to the neuropil of the ipsilateral cerebral ganglion 
(Figure 4D). Many fibres and cells mapped in the 
cerebral ganglia and symmetrical clusters of cells were 
located in the centers of the ganglia, with cell body 
diameters of no less than 20 um. These neurons send 
axons mainly into the ipsilateral cerebral neuropil and to 
the cerebral commissure, but at least one neuron sends its 
process to the ipsilateral n. tentacularis. Labeled fibres 
were found in all cerebral nerves. Several small single 
cells with cell body diameters of around 7 um were 
labeled in the mesocerebra and in the caudal regions of 
the ganglia, the latter seemingly forming small groups 
and sending processes to the cerebro-pleural connective 
and to the cerebral commissure as well. Numerous thick 
and thin fibres were mapped in the cerebral commissure. 
One group of small cells was stained in the left cerebral 
ganglion near the cerebro-pedal connective. 

In the pleural ganglia, transit fibres and at least one 
middle-sized cell with cell body diameters of around 35 
um were stained in each ganglion. Unlike serotoninergic 
fibres, transit fibres with FMRF-amide were more 
numerous and thinner in diameter. In the right parietal 
ganglion, one cluster of middle-sized cells no less than 
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18-30 um in diameter was labeled close to the parieto- 
visceral connective, and another group of small cells 
around 5 um in diameter was present near this 
connective. Neurons from both groups probably send 
axons to the n. pallialis dexter and further to the visceral 
ganglion (Figure 4E, F). In the left parietal ganglion, 
only transit fibres and projections to the pallial nerve 
were mapped. Many transit fibres and at least one group 
of small cells around 6—8 um in diameter were labeled in 
the middle of both pedal ganglia, on their ventral 
surfaces. FMRF-amidergic fibres contribute to all of the 
pedal nerves. As for the visceral ganglion, one middle- 
sized neuron with diameter of the cell body of around 35 
um was stained in the middle of the ganglion at its dorsal 
surface, and one group of small cells with diameters of 
cell bodies of around 10 um, which were sending axons 
mainly to the parieto-visceral connective, was labeled 
near this connective. Numerous FMRF-amidergic fibres 
were found in all of the visceral nerves. 

The overall distribution of identified serotonin- and 
FMRF-amidergic neurons and fibres in L. stagnalis is 
shown in Table 1. The composition of the visual 
pathways, marked with neurobiotin through the optic 
nerves, and serotonin- and FMRF-amidergic fibres and 
neurons are in Figure 5. As we can gather from the 
schematic drawings of Figure 5C, D, central visual 
pathways and FMRF-amidergic neural elements 
obviously have different topographies. 


DISCUSSION 


Serotonin-immunoreactive cells and fibres are 
widely distributed in the CNS of L. stagnalis. First of all, 
there are two giant cells in the cerebral ganglia, 
symmetrically located in the mesocerebra and sending 
their axons to the buccal ganglia (CGCs). The CGCs 
were identified by Audesirk (1985) and Hetherington et 
al (1994) and confirmed by us; these cells are known to 
be involved in the feeding network (Yoshida & 
Kobayashi, 1994) and together with the cerebral ventral 
neuron CV1 modulate the feeding rhythm in L. stagnalis. 
Two symmetrical serotoninergic cells in the mesocerebra 
of Planorbarius corneus perform the same function 
(Yoshida & Kobayashi, 1994). Another set of 
serotoninergic neurons that do not seem to have been 
reported are the symmetrically located groups of neurons 
on the dorsal surface in the middle of the cerebral 
ganglia. This group is likely the same one we mapped 
through the n. tentacularis with neurobiotin, and, 
probably, some of its cells run through the n. pallialis 
dexter and n. intestinalis (Tuchina et al, 2012). 

In snails, serotonin is known to be involved in the 
control of different forms of motor activity (Yoshida & 
Kobayashi, 1994; Zhukov & Arkhipova, 2001). Injection 
of serotonin affects responses of Lymnaea to shadow 
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Table 1 Distribution of serotonin- and FMRF-amidergic neurons and fibres in the CNS and eye of L. stagnalis 


5-HT 


FMRF-amide 





eye 


optic nerve 


CNS: 
buccal ganglia 


cerebral 
ganglia 


cerebral 
commissure 


pleural ganglia 


parietal ganglia 


pedal ganglia 


visceral 
ganglion 


many branches with varicosities in the eye cup, at least 1 fibrepenetrates 
the nuclear layer of the retina 


one (or two) fibres 


many thick fibres, projections to buccal nerves 
CGCs in mesocerebra, sending their axons through the cerebro-buccal 
connective to the ipsilateral buccal ganglia, group of small cells on the 
dorsal surface in the middle of the ganglia, several small neurons, which 
do not form groups, in different part of the ganglia 


several thick fibres, at least four, and many small fibres in the sheath 
transit fibres with extensive varicosities and one-two small cells 


group of neurons on the ventral surface of the right parietal ganglion, 

close to the parieto-visceral connective, one or two small cells near the 

input of n. pallialis dexter, sending their processes to this nerve, in the 
left parietal ganglion only transit fibres were mapped 


many cells, sending their processes to all pedal nerves, at least two big 
clusters of neurons 


two clusters of neurons, one, containing middle-sized neurons, is located 
in the middle of the ganglion, another one very close to the input of the 
n. intestinalis; the cells of the latter cluster sending numerous processes 


many branches with varicosities in the eye cup, some 
branches penetrate the retina 


one (or two) fibres 


thin fibres, one poorly-labeled cell in each ganglion 
many thin fibres, small symmetrical clusters of cells in the 
middle of the ganglia, several small cells, which do not form 
groups, in the caudal region of ganglia and in the 
mesocerebra 


many thick and thin fibres 


transit fibres and at least one middle-sized cell in each 
ganglion 
cluster of middle-sized cells on the dorsal surface of the right 
parietal ganglion, close to the parieto-visceral connective, 
and another group of small cells near this connective; many 
stained fibres in n. pallialis dexter; only transit fibres in the 
left parietal ganglion 
many transit fibres, projections in all pedal nerves, at least 
one group of small cells in the middle of both pedal ganglia, 
on the ventral surface 


one middle-sized neuron in the middle of the ganglion, on 
the dorsal surface, one group of small cells near the parieto- 
visceral connective, projections to all visceral nerves 


to this nerve and probably n. analis 


stimuli, increasing or decreasing responses, depending 
on the dose (Zhukov & Arkhipova, 2001), which may 
indicate that serotonin serves as a modulator in the 
withdrawal reflex network. Serotonin-immunoreactive 
cells of the cerebral dorsal cluster, as well as the pedal 
clusters we identified, might be involved in this network. 
Unfortunately, we were not able to follow all the fibres 
and to identify whether some cell of the cerebral dorsal 
cluster sends its process to the optic nerve as well, but it 
is clear that no cells of this group were mapped during 
backfilling of the optic nerve with neurobiotin. 

Retrograde transport of neurobiotin through the 
optic nerve of L. stagnalis allowed us to reveal afferent 
and efferent components of the central visual pathways 
in this snail (Zhukov & Tuchina, 2008; Tuchina et al, 
2012). The optic nerve in L. stagnalis contains afferent 
fibres, which are the processes of the retinal cells as well 
as efferent axons of the central neurons. Tsubata et al 
(2003) and Sakakibara et al (2005) showed that most of 
the photoreceptors send their processes directly to the 
optic nerve (T-type), but there are some that make 
synapses only within the retina (A-type). Accordingly, it 
is evident that the afferent part of the optic nerve consists 
of processes of T-type photoreceptors which form in the 
cerebral ganglion neuropil at high density. The central 
visual pathways are extensive, since labeled neurons and 
fibres are found in all ganglia, except the buccal ones. 
We consider these central cells as efferent neurons. 

After backfilling with neurobiotin through one optic 
nerve, at least one fibre was stained in the contralateral 
one; it reaches the eye and forms arborizations in the eye 
cup. It seems clear that a group of central neurons is 
sending axons into the optic nerve, perhaps to the eye, 
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and amongst these neurons are another group of neurons 
whose processes connects both eyes. Another possible 
function of the efferent innervations of the eye may be to 
coordinate the tasks of both eyes, likely crucially 
important for the animal. We can surmise two 
possibilities for the origin of this fibre: 1) it can either be 
the process of a retinal cell, thereby connecting the two 
eyes directly to each other, or 2) it can be the process of 
some central neuron. Candidates for these central 
neurons can be the stained cells in the right parietal and 
visceral ganglia, which, so it seems, distribute axons to 
both optic nerves as demonstrated by labelling through 
right and left optic nerves. Experiments with ligatures 
have shown that fibres connecting both eyes go through 
the cerebral commissure and cerebro-pleural connective 
(Tuchina et al, 2012). Fibres in the contralateral optic 
nerve were still stained with neurobiotin, even if the 
ipsilateral cerebro-pleural connective was damaged and 
fibres in the contralateral optic nerve were not labeled in 
case the ligature was applied on the cerebral commissure 
only. Thus, we can suggest that the eyes in L. stagnalis 
are connected directly to each other by axons going only 
through the cerebral commissure. 

The question about the chemical nature of the 
intercellular connections in the retina of L. stagnalis is 
still an open one. GABA, octopamine and histamine- 
immunoreactivities were not revealed in the optic nerve 
of this mollusc (Hiripi et al, 1998; Hegedüs et al, 2004). 
Serotonin-immunoreactivite fibres were found in the 
retina, but not the cell bodies. Photoreceptor cells as well 
as optic nerve fibres show glutamate-immunoreactivity 
and consequently seem to be glutamatergic (Zhukov, 
2007), although Hatakeyama et al (2007) did not find 
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glutamate in the photoreceptor cells. Pigment-dispersing- 
hormone (PDH) is apparently present in some of the 
retina, either photoreceptive or screening cells (Zhukov, 
2007). The PDH family is a set of related peptides 
common especially to arthropods (Rao et al, 1985). The 
function of the PDH in crustacea is to control the 
position of the screening pigment (Kleinholz, 1975), 
which is important in the context of adaptation; this 
could also be the case in molluscs generally and snails in 
particular, although the function of the PDH in Lymnaea 
is still unknown. Glutamate-immunoreactivity was 
revealed in many retinal cells, i.e., the likely 
photoreceptors, which were also backfilled with 
neurobiotin, but also in other cells like those of the optic 
cup and adjacent tissues, in the cutaneous epithelium and 
in the fibres of the optic nerve (Zhukov, 2007). Efferent 
fibres of the retina stained with neurobiotin through the 
contralateral optic nerve, however, did not show 
glutamate-immunoreactivity (Zhukov, 2007). As for 
serotonin, it is one of the most quantitatively significant 
biogenic amines within the CNS of L. stagnalis 
(Hetherington et al, 1994), and the optic nerve and the 
eye are not exceptions. In order to discuss the possible 
origin of the serotoninergic fibrein the optic nerve and to 
compare identified central visual pathways with neurons 
and fibres showing immunoreactivity to serotonin, we 
carried out co-labelling of the CNS in L. stagnalis. 
Zhukov et al (2006) showed that exogenous 
serotonin changes the amplitude of the electroretinogram 
(ERG) and the light sensitivity of the isolated eye in L. 
stagnalis. Eskin & Maresh (1982) reported a similar 
effect for A. californica: application of exogenous 
serotonin, as with an electrical stimulation of the optic 
nerve, increases the amplitude of the ERG and decreases 
the threshold of light sensitivity of the eye. We suggest 
that serotonin somehow affects the photoreceptors or 
probably secondary neurons in case there are some in the 
retina of L. stagnalis (Zhukov et al, 2006). Such 
secondary neurons were found in the eye of A. 
californica (Jacklet et al, 1982), but have not yet 
unambiguously been identified in the eye of L. stagnalis. 
Our study revealed that at least one 5-HT-ergic 
fibreis located in the optic nerve and that it forms 
numerous arborizations in the eye cup. At least one 
branch penetrates the nuclear layer of the retina and 
forms some arborizations there. Unlike with PDH and 
glutamate (Zhukov, 2007), no serotoninergic cell bodies 
were found in the eye or in the optic nerve. There are, 
however, peripheral cells that can be revealed by 
retrograde transport of neurobiotin (Tuchina et al, 2012) 
in the TOLm-complex, the complex of the nerves n. 
tentacularis, n. opticus and n. labialis minor, which is 
surrounded by a common sheath and likely permits the 
exchange of some fibres. The serotoninergic fibre does 
not end in the optic neuropil, but proceeds further to the 
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centre of the ganglion, allowing us to suggest that it 
belongs to some central neuron, probably originating 
from the cerebral ganglia. Both fibres—one coming from 
the contralateral nerve and backfilled with neurobiotin, 
and another that shows the immunoreactivity to 
serotonin—have different topographies in the optic nerve. 
We therefore suggest that these two fibres belong to 
different central neurons. Thus, the serotoninergic fibreis 
supposed to be efferent and to form extensive varicosities 
in the optic nerve, which can be the location for the 
release of a neurohormone. 

As for the other ganglia of the CNS, neither 
Audesirk (1985) nor Hetherington et al (1994) were able 
to reveal any serotoninergic cell bodies in the pleural and 
left parietal ganglia, and we did not either. We did 
however describe many fibres of different types we in 
detail for the first time. The pleural ganglia seem to be 
intermediate points for serotoninergic neurons; huge 
varicosities, formed by serotoninergic fibres in these 
ganglia, can be places for the release of neurohormones. 
Almost all fibres, which were labeled in the left pallial 
nerve, come from the direction of the visceral ganglion 
and, possibly, the right parietal ganglion. Clusters of cells 
in the visceral and right parietal ganglia were identified 
earlier (Audesirk, 1985; Hetherington et al, 1994). 
Groups of serotoninergic cells in the right parietal 
ganglion probably belong to the clusters A and B 
(nomenclature according to Benjamin & Winlow, 1981). 
Neurons, which were filled with neurobiotin in the right 
parietal and visceral ganglia during retrograde transport 
through the optic nerve, do not show immunoreactivity 
to serotonin but may be part of the cell cluster, backfilled 
through the n. pallialis sinister and n. intestinalis. 

FMRF-immunoreacive neurons and fibres are 
usually present in all of the ganglia in the molluscan 
CNS, including the buccal ones. These neurons have a 
tendency to form groups, at least in the cerebral and 
pedal ganglia, where it is thought that they act as 
neurohormone and neuromodulator producers (Ebberink et 
al, 1987; Cottrell & Bewick, 1989; Lopez-Vera et al, 2008). 

Concerning the function of FMRF-amide in 
gastropods, stimulatory effects on the frequency and 
amplitude of the heart beat in various molluscan species 
and affects the work of other muscles have been 
demonstrated (Greenberg and Price 1979, 1980). The 
abundance of FRMF-amide in the gastropod’s nervous 
system suggests that neuropeptides are evolutionarily 
ancient molecules (Schot & Boer 1982). Further 
research will be required to more fully explain the 
development of neuropeptides. 

A map of FMRF-amide immunoreactive neurons in 
the CNS of L. stagnalis was created by Schot & Boer 
(1982), who revealed FMRF-amidergic neurons and 
fibres in all ganglia and all nerves, including the optic 
ones. Neurons, labeled in the buccal, cerebral, pedal and 
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pleural ganglia, seem to have symmetrical locations on 
the left and right sides of the nervous system. We 
revealed many more neurons in the cerebral ganglia, 
especially in the region of the mesocerebra. Clusters of 
cells on the dorsal surface of the cerebral ganglia are 
located a bit more caudally than the serotoninegric ones. 
In the right parietal and visceral ganglion, FMRF- 
amide-immunoreactive cells form groups, which were 
described earlier (Schot & Boer, 1982). Some stained 
fibres, for example, in the tentacular nerve, likely belong 
to the small group of neurons, located near the place 
where the tentacular nerve enters the ganglion. Our 
immunocytochemical studies revealed FMRF-amidergic 
fibres with varicoses in the eye and the optic nerve of L. 
stagnalis, as well as in B. gouldiana and A. californica, 
but these fibres likely belong to the central neurons and 
are efferent projections of the eye. We failed to reveal 
which neuronal bodies these FMRF-amidergic fibres in 
the optic nerves belong to. 
FMRF-amide-immunoreactivity was identified in 
the CNS and particularly in the optic nerve of L. 
stagnalis (Schot & Boer, 1982), as well as the optic 
nerves and eyes of B. gouldiana and A. californica 
(Jacklet et al, 1987; Roberts et al, 1989). Block et al 
(1986) and Michel et al (2002) showed that exogenous 
FMRF-amide at micromolar concentrations suppresses 
ongoing compound action potential activity (CAP) in the 
isolated eye of Bulla, but does not suppress the ERG or 
phase shift of the circadian rhythm of the CAP. Jacklet et 
al (1987) concluded that FMRF-amide immunoreactive 
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central neurons and their axons provide a pathway for 
efferent modulation of the CAP rhythm, which is 
generated by the retinal pacemaker neurons. In the eye of 
Aplysia FMRF-amide modulates the effects of light and 
of serotonin in connection with the work of the circadian 
oscillator (Colwell, 1990). Stimulation of the isolated 
retina of the eyes of the cephalopod Octopus vulgaris has 
shown that FMRF-amide, coupled with dopamine, 
induces an extreme light adaptation of the retina in 
response to illumination (Chin et al, 1994; Di Cosmo & 
Di Cristo, 1998). 

By pairing morphological studies together with the 
immunocytochemical approach, our study shows that 1) 
serotonin- as well as FMRF-amide-immunoreactive 
neurons are widely distributed in the CNS of Lymnaea; 2) 
serotonin and FMRF-amide are involved in a number of 
networks, perhaps controlling different forms of 
behaviour. i.e. feeding behavior, whole body withdrawal 
response; 3) serotonin and FMRF-amide take part in the 
efferent innervation of the retina. However, the chemical 
nature of neurons connecting both eyes can neither be 
serotoninergic nor FMRF-amidergic. 
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The structure of integument and wax glands of Phenacoccus fraxinus 
(Hemiptera: Coccoidea: Pseudococcidae) 
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Abstract: Using scanning electron microscopy and optical microscopy, we studied the structure of the integument and wax glands of 
the mealybug, Phenacoccus fraxinus Tang (Hemiptera: Coccoidea: Pseudococcidae). We observed the ultrastructure of four wax 
pores including trilocular, quinquelocular, and multilocular pores as well as tubular ducts, recording characteristics of their structure, 
size and distribution. We found that that the integument of the mealybug consists of three main layers—the procuticle, epidermis and 
basement membrane—and four sub-layers of the procuticle—the epicuticle, exocuticle, endocuticle and formation zone. The wax- 
secreting gland cells were closely arranged in epidermis. All of them were complex and composed of one central cell and two or 
more lateral cells. These complex cells possess a large common reservoir for collection and storage. Synthesized by the glandular 


cells, the wax is excreted outside integument through canals. 


Keywords: Pseudococcidae; Phenacoccus fraxinus Tang; Integument; Wax gland; Wax secretion 


There are approximately 7,000 species of scale 
insects (Insecta: Hemiptera: Coccoidea) throughout the 
world, representing 20 families. Most are considered 
pests in agriculture, forests, fruit trees and ornamental 
plants and can be characterized by the special waxy 
covering on their body surface. Because of this 
protective wax, which protects against environmental 
factors and chemical pesticides, scale insects are hardy 
and often predominant, as compared to other insects 
(Ben-Dov & Hodgson, 1997). The protective wax 
coverings are formed by the wax substances secreted 
from the various wax pores that arise out of the 
integument. The wax pores and their glands are well- 
developed in scale insects, and possess diversity in both 
type and structure. 

The unique features of the wax covering make the 
integument of scale insects differ from other insects in 
many ways. This difference makes it significant to study 
the structure and function of the integument of scale 
insects, but reports on this subject are scarce (Foldi, 1985, 
1995; Bielenin & Weglarska, 1990, 1992; Waku & 
Manabe, 1981). In China, early research focused on the 
white wax insect, Ericerus pela Chavannes (Zhang et al, 


1988; Tan & Zhang, 1992). Likewise a few studies 
reported the ultrastructure and wax-secretion processes 
in family Pseudococcidae (Cox & Pearce, 1983; Kuma, 
1997; Jansen, 2001). We hope to enrich these findings by 
obtaining a comprehensive view of the integument’s 
ultrastructure and associated wax glands and wax 
secretions of the mealybug, Phenacoccus fraxinus Tang 
(Family: Pseudococcidae) using standard histological 
examination of serial sections and scanning electron 
microscopy (SEM). 


MATERIAL AND METHODS 


Dissections of insects and light microscope observation 

Live scale insects were collected from their host 
plant, Fraxinus chinensis Roxb, in Taiyuan, Shanxi 
Province, China, from April to May, 2007. These insects 
were kept alive and mounted individually on a wax dish 
using #00 sized insect pins. Each insect was then dipped 
in physiological saline (0.9%, v/v) to ensure preservation 
of the integument. Using a magnifying lens, the dorsum 
of each insect was dissected and the integument structures 
were removed and placed in glutaraldehyde (0.5%, v/v). 
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In total, 30 integument structures were used both for 
serial section and SEM. 

For basic morphological examinations, whole speci- 
mens were mounted on glass slides using methods as 
described by Kosztarab (1967). Twenty adult females were 
examined with light microscopy at 10x and 40x 


Serial sections of integument 

Fifteen integument structures were embedded in 
paraffin by first dehydrating the tissues in a series of 
increasing concentrations of ethyl alcohol (10 min each 
in 35, 55, 75, 85, 95, and 100% [v/v]) and xylene (10 
min each in 35, 55, 75, 85, 95, and 100% [v/v]). The 
tissues were then immersed in an equal volume mixture 
of xylene:paraffin for 48 h at 56 °C and then in paraffin 
for 48 h at 56 C before embedding in paraffin. Embedded 
specimens were serially sectioned to a thickness of 0.6 
um and immersed in 100% xylene and then decreasing 
concentrations of ethyl alcohol (10 min each in 100, 95, 
85, 75, 55, and 35% [v/v]) followed by a rinse with 
distilled water (10 min). These were then stained with 2 
% ferrovanadium (30 min) and hematoxylin (1.5 h) and 
intermediately rinsed in distilled water (10 min). Stained 
sections were rinsed in flowing water (10 min), 
immersed in picric acid (1.5 h), rinsed again in flowing 
water (30 min) and immersed in hartshorn (1:100), after 
which they were dehydrated through a series of 
increasing concentrations of ethyl alcohol (10 min each 
in 35, 55, 75, 85, 95, and 100% [v/v]). Xylene was 
used as a mounting medium. Integument sections were 
observed and photographed with optic microscopy 
(Olympus BX51, Olympus Optical Co., Japan). 


Scanning electron microscopy (SEM) 

For SEM study, 15 adult females were fixed in 4% 
glutaraldehyde for 48 h, rinsed three times in phosphate 
buffer (0.2 mol/L) and then dehydrated through successive 
5 min changes in 70, 80, 90, 100% ethanol[v/v] and three 
further changes in 100%. The ethanol was then displaced 
by liquid carbon dioxide and samples were dried using 
EMS 850 critical point dryer, mounted on copper stubs, 
then coated with gold in the sputter coater and finally 
scanned at different angles using the SEM (JSM-35C, 
JEOL, Japan) at 25 kv. 


RESULTS 


The wax pores and wax secretion 

The body of adult female, P fraxinus was oval in 
shape, with distinct segments, approximately 6.0 mm long 
and 3.6 mm wide. The surface of the body was covered 
with a thin layer of white wax substances, but with less 
wax on the intersegmental folds (Figure la). During 
oviposition, pregnant adult females secreted an ovisac 
twice as long as their body deposited eggs in the ovisac. 
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By SEM, the ultrastructure of the wax pores and 
their wax secretions was observed. Trilocular disc pores, 
the first type of the wax pores, were abundant and spaced 
evenly over both the dorsum and venter but were absent 
in intersegmental areas. Each of the trilocular pores, with 
a diameter of about 4.5 um, had three narrow 8-shaped 
openings 2 um long and 1 um wide arranged in a spiral 
shape. Each opening secreted a flat shape wax filament 2 
um in width (Figure 1b). These wax filaments linked on 
the surface of the body, forming the wax covering. Along 
the dorsal margin, 18 pairs of cerarii were arranged in 
segments from the anterior end to the last on the anal 
lobes. A cerarius from which the lateral wax filament 
normally arose consisted of two or more conical or 
lanceolate setae accompanied by a cluster of trilocular 
pores (Figure Ic). Each anal lobe cerarius had five 
enlarged conical or lanceolate setae accompanied by 11 
trilocular pores in a cluster on a sclerotised area. There 
were two conical setae and four trilocular pores in cerarii 
pairs 16 and 17, three to four conical setae and three 
trilocular pores in pair 3, two conical setae and three 
trilocular pores in pairs 12 through 15, and two conical 
setae and two trilocular pores in other pairs. 

Quinquelocular pores, the second type of wax- 
secreting pores, were generally restricted to the stigmatic 
furrow on the ventral surface. Each quinquelocular pore, 
6 um in diameter with a 2 um-wide rim, consisted of five 
circular loculi or micro-orifices, arranged in a circle or 
pentagon with each loculus further secreting one wax 
filament, 0.9-1.0 um in diameter (Figure 1d). Multilocular 
pores, the third type, were found ventrally associated with 
the area around the vulva. Each multilocular pore 
normally had 10-12 circular loculi arranged in a circle 
(Figure le) and each loculus secreted one fine wax 
filament, 0.9 um in diameter. These filaments were 
broken into short and curved fragments after being 
secreted from the pore and conglutinated on the surface 
of eggs, both to prevent them from sticking and to 
protect them from immersion and desiccation. (Figure 
1f). Tubular ducts, the fourth type of the wax-secreting 
pores, had a dense distribution on the dorsal abdominal 
segments, the thoracic margin and submargin, but absent 
in middle area of the head. On ventral surface, tubular 
ducts consisting of an outer ductile of 18 um in length 
and 4 um in diameter and an inner ductile of 6 um in 
length and 1.5 um in diameter (Figure 1g) were scattered 
over most of the thoracic and abdominal segments. Each 
outer opening of the tubular ducts on the cuticular 
surface was a round pore, 4 um in diameter, from which 
a long, hollow 2 um in diameter wax filament was 
secreted. This type of filament seems to be used as a 
frame in cocoon and ovisac construction (Figure 1h). By 
optical microscopy, we saw and documented four main 
types of wax pores were seen on the cuticle of mounted 
specimens (Figure 2). 
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Figure 1 The SEM photographs of the different structures of Phenacoccus fraxinus 
a) SEM photograph of part of the dorsal surface of the adult female, showing wax (W) covering on segments (S) but much less wax on intersegmental area; 
magnification 60x, bar=100 um; b) SEM photograph showing a trilocular pore (tp) and tubular duct gland (tdg); magnification 5 400x, bar=1 um; c) SEM 
photograph showing a cerarius consisting of two thick conical and 5-8 lanceolate setae (cs and Is) and accompanied by many trilocular pores in cluster; 
magnification 1 000x, bar=10 um; d) SEM photograph of a quinquelocular pore with a rim and five round loculi arranged in a pentagon shape, and each loculi 
secreting a wax filament (w); magnification 8 600x, bar=1 um; e) Micrograph of multilocular pores (mp) and tubular duct glands (tdg) in the integument of 
Phenacoccus fraxinus; magnification 600x, bar=50 um; f) SEM photograph of eggs in the ovisac of Phenacoccus fraxinus, showing surface of eggs 
conglutinated with a lot of fine wax granule (W) secreted by multilocular pores; magnification 200x, bar=100 um; g) SEM photograph of a tubular duct inside 
the integument showing outer and inner ductiles (od and id); magnification 6 000x, bar=1 um; h) Dorsal view of ovisac showing wax all over the body except 


prothorax; magnification 10x, bar=1 mm. 





` = —_ 
Figure 2 Micrograph of the mounted specimens of the adult 
female, Phenacoccus fraxinus showing the density of wax- 
secreting pores over the integument and cerarii (c) 
magnification1 50%, bar=200 um 
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Integument structure and wax glands 

Viewing serial sections of integument tissues 
through a light microscope revealed that the integument 
of P. fraxinus consisted of three main layers: the 
procuticle, epidermis and basement membrane (Figure 3). 
The procuticle was the outermost integument layer, 
between 4.2 and 6.7 um in thickness, containing a further 
four sub-layers: the epicuticle, exocuticle, endocuticle 
and formation zone. The epidermis was beneath the 
formation zone, being only a single layer of cells. All of 
wax-secreting glands in scale insects’ integument were 
arranged closely, one-by-one in the epidermis, and were 
particularly well developed. The cell of each wax- 
secreting gland was composed of one central cell and 
two or more lateral cells, organized into the complex cell 
of the wax-secreting gland. This structure is what allows 
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for the glands’ relatively large size and apple-like shape. 
More specifically, the wax gland complex cell of the 
trilocular pore contained one central cell and two lateral 
cells, with some wax-like material in the central section 
of cell where the real wax was secreted. Meanwhile, the 
complex cell of each quinquelocular pore was composed 
of five identical glandular cells cuddling together (Figure 
4), each opening into a large common reservoir beneath 
the actual pore. Synthesized by the glandular cells, this 
secretion was collected and stored in the common 
reservoir from which wax was extruded via the short tube, 
leading to the actual pore of each loculus. Similarly, the 
complex cell for multilocular pores consisted of between 
six and twelve tightly folded glandular cells. Structurally, 
the orifices of multilocular pores possessed the same 





Figure 3 Micrograph of the integument in the adult female, 
Phenacoccus fraxinus showing the procuticle, epidermis (e) and 
basement membrane (bm) 

Four layers of procuticle i.e. epicuticle (epc), exocuticle (exc), endocuticle 
(enc) and formation zone (fz) and a layer of wax gland cells (wgc) arranged 
closely one after the other in the epidermis (e) of the integument of the 
insect are also visible. Behind the epidermis is present a fat body, primarily 
originated from the wax material secreted by wax gland tube (wgt). 
magnification 600x, bar=75 um 














Figure 4 Micrograph of gland pores (gp), trilocular pore (tp) 
and quinquelocular disc-pore (qp) in the integument of 
Phenacoccus fraxinus 

magnification 600x, bar = 75 um 
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characteristics as described for the quinquelocular pore 
glands. The wax-secreting gland of each tubular duct, 
however, consisted of a large central glandular cell at the 
end of an inner ductile, surrounded by four to six lateral 
glandular cells attached to the inner end of the outer 
ductile (Figure 5). The central cell had a reservoir in 
which wax substances were contained as well as an 
irregularly-shaped receptor ductile from which the wax 
could be secreted. 





Figure 5 Micrograph of gland pores (gp) and tubular duct 
glands (tdg) (including inner ductile (id) and outer ductile (od)) 
in integument of Phenacoccus fraxinus 

magnification 600%, bar = 75 um 


Beneath the basement membrane, a large amount of 
fat bodies were found suspended in the haemocoele. The 
granules of the fat body were about | um in diameter. 


DISCUSSION 


The insects’ integument is a complicated tissue 
enwrapping the whole body, including the legs which 
came into the ectoskeleton and offered attachment and 
support for the endoskeleton (Chapman, 1998). 
Consequently, the integument conformation dominated 
the build and exterior characters of the insect. The 
integument is an important protective tissue that prevents 
inner moisture from excessive evaporation and 
environmental attacks via inorganic compounds, pathogen 
infections, microorganisms, and insecticide sprays, etc. 
(Gullan & Cranston, 2005). In comparison with other 
insects, the mealybug, P. fraxinus has evolved its 
integument with a strong functional structure. A great 
deal of wax-secreting gland cells were densely arranged 
in the epidermis, a 19.6 um (16.3-23.8 um) thick layer, 
the thickest of the integument. 

Consisting of trilocular pores, quinquelocular pores, 
multilocular pores and tubular duct glands, the wax- 
secreting gland cells were large, complex cells capable of 
synthesizing waxy substances using raw materials from 
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the haemolymph in the coelom. The wax substances 
were collected and stored in the common reservoir then 
transferred to the outer surface of integument through the 
wax pore canals. This complicated process to deal with 
wax in the integument is unique. Due to the well developed 
wax-secreting glands in the integument layers, the body 
surface of the scale insects remains well protected by the 
wax covering secreted from the wax pores. 

In our study, trilocular pores and tubular ducts were 
the major types of the wax-secreting pores in the 
integument of P. fraxinus. Based on our observation of 
the wax-secretion process of the mealybug, the trilocular 
pores were fairly numerous and wax filaments that were 
secreted to form the wax covering on the mealybug 
surface in all instars and similar wax was present on the 
lateral filaments formed from the cerarii. In contrast, the 
wax substances were not formed in tubular ducts until 
the adult females entered oviposition and their wax 
filaments were thick and hollow, to frame the ovisac. 

Trilocular pores and tubular ducts in integument are 
also present in other scale insects, such as Ceroplastes 
japonicus Green, a species of family Coccidae (Xie et al, 
2006). However, the trilocular pores only occurred on the 
dorsal surface in the third instar of female nymphs and 
adults. The three round loculi of the trilocular pores were 
arranged in a triangle or parallel, in which soft wax 
substances were formed containing honeydew, named 
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Abstract: Population viability analysis (PVA) is a tool to evaluate the risk of extinction for endangered species and aid conservation 
decision-making. The quality of PVA output is dependent on parameters related to population dynamics and life-history; however, it 
has been difficult to collect this information for the giant panda (Aliuropoda melanoleuca), a rare and endangered mammal native to 
China, confined to some 30 fragmented habitat patches. Since giant pandas are long-lived, mature late, have lower reproductive rates, 
and show little sexual dimorphism, obtaining data to perform adequate PVA has been difficult. Here, we develop a parameter 
sensitivity index by modeling the dynamics of six giant panda populations in the Minshan Mountains, in order to determine the 
parameters most influential to giant panda populations. Our data shows that the giant panda populations are most sensitive to changes 
in four female parameters: initial breeding age, reproductive rate, mortality rate between age 0 and 1, and mortality rate of adults. 
The parameter sensitivity index strongly correlated with initial population size, as smaller populations were more sensitive to 
changes in these four variables. This model suggests that demographic parameters of females have more influence on the results of 
PVA, indicating that females may play a more important role in giant panda population dynamics than males. Consequently, 
reintroduction of female individuals to a small giant panda population should be a high priority for conservation efforts. Our findings 
form a technical basis for the coming program of giant panda reintroduction, and inform which parameters are crucial to successfully 
and feasibly monitoring wild giant panda populations. 


Keywords: Giant panda; PVA; Population parameter; Parameter sensitivity index 


Population viability analysis (PVA) is a method 
used in the evaluation, conservation and management of 
rare and endangered species, especially small meta- 
populations (Brook, 2000; Li & Li, 1994; Li, 2003; 
Marris et al, 2002). Due to PVA’s effectiveness in 
evaluating the risk of extinction and future population 
development, it is the preferred and most economical 
decision-making conservation tool (Chapman et al, 2001; 
Brook et al, 2002). In China, PVA has consequently been 
applied to conservation policy-making for many 
endangered species, such as the crested ibis (Nipponia 
Nippon; Li et al, 1996), water deer (Cervus unicolor, Xu 
& Lu, 1996), Hainan Eld's deer (Cervus eldi; Song, 1996) 
and the finless porpoise (Neophocaena phocaenoides; 
Zhang & Wang, 1999). 

As a flagship species, giant pandas (Aliuropoda 


melanoleuca) attract worldwide conservation attention. 
Since the 1970s, the Chinese government has been 
actively protecting the giant panda, establishing 64 
nature reserves covering an area of 3 200 000 ha (Ifeng, 
2010). The third national survey of giant pandas from the 
State Forestry Administration (SFA, 2006), estimates 
there are 1596 individuals living in the field across six 
major Chinese mountain ranges: the Qinling, Minshan, 
Qionglai, Liangshan, and Greater and Minor Xiangling 
Mountains. 

PVA has been applied to giant panda populations 
previously by Wei & Hu (1994b), Guo & Hu (1999), Ren 
et al (2002), Wang et al (2002), Zhang et al (2002, 2003), 
Yang et al (2007), and Zhu et al (2008). However, the 
accuracy of PVA depends on the quality of the population 
parameters used and the data collected from the field 
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(Shaffer, 1990; Dennis et al, 1991; Reed et al, 1998). 
Accordingly, determining robust and reliable parameter 
estimates is the foundation of PVA. For giant pandas, an 
appropriate PVA requires the inclusion of 23 population 
parameters (Yang et al, 2007). Given that giant pandas are 
long lived, mature late, and have a narrow diet and low 
reproductive capacity, and that males and females are 
difficult to distinguish in the wild because of a lack of 
sexual dimorphism, determining accurate parameters for 
use on giant panda populations is difficult. These reasons 
explain why only ten of the more than 1 600 papers 
published on giant pandas in the Chinese scientific journal 
database CQVIP include PVA. Likewise, each of these ten 
papers are based on two life tables from Wei & Hu (1989) 
who used data from 69 skulls and teeth collected in 
Minshan, Sichuan from 1978 to 1986, data from 30 radio- 
collared individuals collected from 1985 to 1997 in 
Qinling, Shaanxi (Pan et al, 2001), and data from captive 
animals collected between 1986 to 1999 (Huang et al, 
2001). Variation exists between these two tables, mainly 
regarding the estimate of initial female breeding age, 
female reproductive rates, female mortality rates between 
age 0 and 1, and the mortality rate of adult females. This 
incongruence raises serious questions about the precision 
of any PVA study’s output regarding giant pandas (Ellner 
et al, 2002; Li, 2003). 

Although PVA requires a number of population 
parameters, their influence on the final results varies (Lacy, 
2000). A parameter sensitivity index measures the 
sensitivity of population fates to changes in parameter 


estimates (Pulliam et al, 1992). This index then determines 
the most important factors likely to affect the viability of a 
population, and can be used to prioritize research and 
spending towards factors of immediate importance. 

Here, we decided to focus our study of PVA 
parameters on giant panda populations in the Minshan 
Mountain, the largest area of giant panda population and 
habitat, with significant meaning for giant panda 
conservation across China (SFA, 2006). We performed 
PVA for six populations of giant pandas inhabiting the 
Minshan Mountains to see which parameters most impact 
PVA results and the likely fate of those populations over 
the next 100 years, and to derive suggestions for more 
practical conservation and monitoring of giant panda 
populations. 


MATERIALS AND METHODS 


Study area 

The Minshan Mountains (E103°08'24"-105°35'22", 
N31°04'18"—33°58'28", see Figure 1) are a giant panda 
stronghold, characterized by high peaks and deep valleys. 
The highest peak is Xuebaoding, at 5588 m above sea 
level. The most recent third survey of giant pandas 
conducted from 2001 to 2003 indicated that the Minshan 
giant panda population was approximately 600 animals, 
comprising six subpopulations separated by logging, 
traffic, and human activity (Hu, 2001; Colby et al, 2001). 
According to Yang et al (2007; Figure 1) the six 
subpopulations are referred to as Baihe (10 animals), 
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Figure 1 Estimates of giant panda population and six subpopulations in the Minshan mountains 
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Zezhawagou (10 animals), Minshan (350 animals), 
Baicaohe (180 animals), Qianfoshan (30 animals), and 
Guangguangshan (20 animals). We selected the Minshan 
Mountains for their important habitat to giant pandas, 
sustaining over 40% of the total wild population and 
representing 42% of total giant panda habitat (SFA, 2006; 
Yang et al, 2007). Likewise, the majority of population 
parameters were collected from this region (Wei et al, 
1989; Wei & Hu, 1994a). 


Parameter sensitivity index 

We used VORTEX 9.41 to assess population viability 
of the six populations and produce statistical analysis on 
stochastic population growth rates, probabilities of 
extinction, average final population sizes, and genetic 
diversity. One thousand simulation runs for each set of 


parameters were conducted and persistence was projected 
over 100 years. We first used PVA for each of the six 
populations based on existing estimates of the required 23 
parameters (Tablel). We then performed sensitivity 
analysis for each population by changing one parameter 
and fixing the others. The parameter sensitivity (S,) was 
calculated using the formula: S,= |(Ax/x)/( Ap/p)| (Li et al, 
1997; Pulliam et al, 1992) where x represents an initial 
size for a given population; Ax represents the difference 
between initial size and the final size of the given 
population through PVA with changing parameters; p is 
the initial value of a given parameter input into the PVA; 
Ap is the value difference between p and the value used in 
sensitive analysis, Ax/x and Ap/p represent the variation 
ratio of population size over 100 years with a given value 
of the parameter set. 


Table 1 Initial parameter values used in PVA 


Sex ratio at birth 
(percent males) 


First age of 
reproduction 


Maximum breeding 


Extinction 
age (senescence) 


Polyandrous mating (%) Of those females producing progeny 





0, 
No animals of g % of adult males OF adilt 93.33%of females 6.67% of females 
one or both Females 20 50 in the breeding females ae produce | progeny in produce 2 progeny in 
Males:8 2 breeding pool = 
sexes pool = 100 625 an average year an average year 
Catastrophe type (Massive Death of bamboo) Jatt harvest supplementation Inbreeding 
pane typ populations size PP depression 
saa doce P 6 
Frequency (as a Multiplicative effect on reproduction = Multpheatve effect 600, 350, 180, TWA year Lto: 10% year kihrough | 
: on survival = 91.4% year 100 at 10 year 100 at 10 year Omitted here 
percent): 1.67 91.4% (1.e.:1-8.6%) . 30, 20, 10 : ; 
(i.e.:1-8.6%) year intervals intervals 
Female mortality rates(%) and (Standard deviation) 
Agel Age2 Age3 Age4 Ages Age6 Age7 Ages Adults 
40.00 (10.0) 9.67 (3.0) 3.14 (2.0) 1.52 (1.0) 1.55 (1.0) 1.57 (1.0) 1.6 (1.0) = 13.33 (3.0) 
Male mortality rates (%) and (Standard deviation) 
Agel Age2 Age3 Age4 Ages Age6 Age7 Age8 Adults 
40.00 (10.0) 9.67 (3.0) 3.14 (2.0) 1.52 (1.0) 1.55 (1.0) 1.57 (1.0) 1.6 (1.0) 3.45 (2.0) 14.16 (3.0) 


For a given parameter, the higher value obtained for 
S,, the higher its influence on PVA results. To test the 
difference and degree of influence of each parameter, a 
hierarchical clustered analysis with squared Euclidean 
distance was done in SPSS v14. We used the single 
linkage (nearest neighbor distance) agglomerative 
clustering method to arrange these parameters into groups. 


Data input to VORTEX 

The initial parameters (parameter 1-20; see Tablel) 
were based on data collected from long term field studies 
of Wei & Hu (1994a) and Huang et al (2001), and 
ecological meaning from Sun (2001) and Wei et al (1989). 
Following Yang (2007), we assumed that the catastrophes 
only included the massive death of bamboo and set the 
parameters around harvest and supplementation, 10% 
respectively. We assumed no density-dependent effect for 
reproductive rates and inbreeding depression, as no study 
has detected this for wild giant pandas in the Minshan 
Mountains. 

We used population estimates from the most recent 
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national survey of giant pandas as the initial size (SFA, 
2006; Yang et al, 2007). We simulated fates of the total 
population of pandas in the Minshan Mountains by 
pooling all subpopulations, giving an overall population 
of 600 animals and assuming connectivity. Here, we 
named the populations by the number of animals: pop 10, 
pop20, pop30, pop 180, pop350, and pop600, with pop10 
illustrating both the populations of Baihe and 
Zezhawagou, and pop600 illustrating the pooled all 
subpopulations of the area. Data input for PVA is given 
in Table 1 and changes made to each parameter are in Table 2. 


RESULTS 


PVA of giant panda populations using current paramet- 
er estimates 

We found that pop350 and pop600 will survive for 
100 years with a zero probability of extinction. On 
average, pop350 would comprise 804 animals and 
pop600 1 464 animals at year 100 (Table 3) with both 
populations retaining 99% genetic diversity. Pop180 will 
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Table 2 Changes in population parameters based on initial 
values for calculating parameter sensitivity with the same 
degree of adding and lessening 

Initial To To 

















Number Parameter value. Add lessen 
1 Female initial breeding age 7 8 6 
2 Male initial breeding age 8 9 7 
3 Female reproductive rate (%) 62.50 75 50 
4 Female mortality rate between age 0 and 1 (%) 40 48 32 
5 Female mortality rate between age 1 and 2 (%) 9.67 11.6 7.74 
6 Female mortality rate between age 2 and 3 (%) 3.14 3.77 2.51 
7 Female mortality rate between age 3 and 4(%) 1.52 1.82 1.22 
8 Female mortality rate between age 4 and 5 (%) 1.55 1.86 1.24 
9 Female mortality rate between age 5 and 6 (%) 1.57 1.88 1.26 
10 Female mortality rate between age 6 and 7 (%) 1.6 1.92 1.28 
11 Mortality rate of adult females (%) 13.33 15.9 10.67 
12 Male mortality rate between age 0 and 1 (%) 40 48 32 
13 Male mortality rate between age 1 and 2 (%) 9.67 11.6 7.74 
14 Male mortality rate between age 2 and 3 (%) 3.14 3.77 2.51 
15 Male mortality rate between age 3 and 4 (%) 1.52 1.82 1.22 
16 Male mortality rate between age 4 and 5 (%) 1.55 1.86 1.24 
17 Male mortality rate between age 5 and 6 (%) 1.57 1.88 1.26 
18 Male mortality rate between age 6 and 7 (%) 1.6 1.92 1.28 
19 Male mortality rate between age 7 and 8 (%) 3.45 4.14 2.76 
20 Mortality rate of adult males (%) 14.16 16.99 11.33 
21 Harvest (%) 10 20 1 
22 Supplementation (%) 10 20 1 
23 Catastrophes (%) 8.60 17.20 4.30 


persist over 100 years with a probability of extinction of 
0.01%, undergoing a theoretical increase to 381 animals 
and loss of 0.03% genetic diversity. The probability of 
extinction of pop30, pop20 and pop10 was 1.4%, 15.3% 


and 84.5%, respectively. Pop30 is predicted to suffer a 
0.09% loss in genetic diversity, while pop20 and pop10 a 
0.15% and 0.39% loss respectively. The stochastic 
population growth rate was positive in pop600, pop350, 
pop180 and pop30 and negative in popl0 and pop 20 
(Table 3). We found that in populations of less than 30 
animals, stochastic population growth rates were negative 
and genetic diversity loss was greater than 10% after 100 
years. In effect, the populations of Baihe, Zezhawagou and 
Guangguangshan are unlikely to survive the next century. 


Parameter sensitivity index results 

Table 4 lists sensitivity indices for our set of 
parameters (S,). The S, values of the four parameters 
(female initial breeding age, female reproductive rate, 
female mortality rate between age 0 and 1, and mortality 
rate of adult females) was higher than all other 
parameters. Further, for a given parameter, the value of 
S, in a small population was greater than in a large 
population. Accordingly, the smallest population had the 
greatest S, value and the largest population had the 
smallest S, values (Figure 2; Table 4). 

The hierarchical cluster analysis based on S, of 23 
parameters resulted in two distinct clusters (Figure 3). 
One cluster comprised the four key parameters with the 
highest S,, the second cluster included all remaining 
parameters. Within the first cluster, parameter influence 
was highest with female initial breeding age followed by 
female reproductive rate, then female mortality rate 
between age 0 and 1 and adult female mortality rate. 


Table 3 Changes in six giant panda populations over 100 years based on PVA 





Population Stoc-r SD(r) PE Nioo SD(Ni00) GeneDiv SD(GD) 
pop600 0.009 0.044 0.000 1 464.61 604.07 0.9952 0.0006 
pop350 0.008 0.047 0.000 804.89 318.65 0.9917 0.0013 
pop180 0.008 0.050 0.001 381.6 159.18 0.9838 0.0033 

pop30 0.004 0.086 0.014 50.84 33.2 0.9113 0.0403 
pop20 —0.001 0.111 0.153 28.26 28.8 0.8461 0.0714 
pop10 —0.014 0.138 0.845 2.52 7.71 0.6183 0.1755 


Stoc-r, SD, PE, GeneDiv and N;6 are abbreviations of stochastic population growth rate, standard deviation, probability of extinction, genetic diversity, and 


final average population size, respectively. 


pop600 denotes the entire population, pop350, pop180, pop30, pop20 , pop10 comprise all subpopulations in Minshan Mountains. Pop10 denotes both the 
populations of Population names correlate with population sizes, with the same name and meaning in later tables. 


DISCUSSION 


Importance of female giant pandas 

Our results indicate that female giant pandas play a 
critical role in the growth of populations, as the parameters 
found to most influence population viability were based on 
aspects of female biology. The polyandrous mating system 
of giant pandas may explain this importance (Pan et al, 
2001). For example, if female initial breeding age is 
lowered, female reproductive rates increase, female 
infant mortality rates decrease, and the mortality rates of 
adult females decreases. In combination, these factors 
increase the number of reproductive animals and the 
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chances of population growth are accordingly enhanced. 
Females have also been found to be important for 
giant panda metapopulations (Yang, 2007). Harris (2004) 
concluded that adult females yield approximately five 
times the conservation benefit of proportional increases 
in reproductive output. The same study found that 
populations were more sensitive to changes in female 
mortality than female reproductive output. Our analysis 
does not concur. Survival rates of females may determine 
the pace at which a population grows, but a higher 
female reproductive rate will result in a faster growth 
rate, at least for small populations. The smaller the 
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Table 4 Parameter sensitivity index for six populations of different sizes 






































No. Parameter name pop600 pop350 pop180 pop30 pop20 pop1l0 
1 Female initial breeding age 4.03 6.13 5.28 6.72 12.41 37.98 
2 Male initial breeding age 0.48 0.35 0.07 0.22 0.44 1.44 
3 Female reproductive rate 4.79 4.3 3.86 4.48 7.05 14.84 
4 Female mortality between age 0 and 1 3.77 3.45 3.04 3.31 4.67 7.77 
5 Female mortality between age 1 and 2 0.73 0.78 0.66 0.62 0.62 0.77 
6 Female mortality between age 2 and 3 0.4 0.15 0.23 0.12 0.35 0.84 
7 Female mortality between age 3 and 4 0.15 0.08 0.18 0.08 0.15 0.06 
8 Female mortality between age 4 and 5 0.46 0.09 0.14 0.13 0.24 0.94 
9 Female mortality between age 5 and 6 0.36 0.15 0.1 0.07 0.14 1.26 
10 Female mortality between age 6 and 7 0.61 0.09 0.17 0.14 0.15 0.34 
11 Mortality of adult females 3.88 3.43 3.06 3.55 5.17 10.32 
12 Male mortality between age 0 and 1 0.42 0.07 0.11 0.06 0.08 0.67 
13 Male mortality between age 1 and 2 0.28 0.06 0.06 0.1 0.2 0.9 
14 Male mortality between age 2 and 3 0.48 0.04 0.12 0.15 0.13 0.35 
15 Male mortality between age 3 and 4 0.31 0.06 0.13 0.1 0.19 0.39 
16 Male mortality between age 4 and 5 0.11 0.15 0.03 0.1 0.2 0.28 
17 Male mortality between age 5 and 6 0.18 0.03 0.06 0.15 0.12 0.77 
18 Male mortality between age 6 and 7 0.43 0.04 0.06 0.12 0.2 0.61 
19 Male mortality between age 7 and 8 0.31 0.07 0.08 0.1 0.17 0.41 
20 Mortality of adult males 0.6 0.07 0.04 0.16 0.39 1.27 
21 Harvest 0.56 0.52 0.49 0.45 0.62 0.49 
22 Supplementation 0.57 0.58 0.54 0.71 1.02 5.17 
23 Catastrophes 0.13 0.02 0.03 0.02 0.04 0.14 
Bold and italic values show a high influence on the result of PVA. 
40.00 + =— pop600 Male mortality rate between age 0 and 1 
35.00 + is Male mortality rate between age 6 and 7 
i » pop350 Female mortality rate between age 6 and 7 
2 30.00 L| pop180 Male mortality rate between age 1 and 2 
jal | 0030 | Male mortality rate between age 2 and 3 
5 25.00 p | POP: Male mortality rate between age 5 and 6 
= | —e— pop20 | Male mortality rate between age 3 and 4 
5 20.00 —— popl0 Male mortality rate between age 7 and 8 
be Catastrophes 
3 15.00 Female mortality rate between age 3 and 4 
£ 10.00 Male mortality rate between age 4 and 5 
i Male initial breeding age 
= 500 Harvest 
re a Mortality rate of adult males 
0.00 Female mortality rate between age 4 and 5 
1-3 & + 9 Al i I LP AS’ 21 2 | Female mortality rate between age 2 and 3 
Parameters Female mortality rate between age 5 and 6 
: nes : : Female mortality rate between age | and 2 
Figure 2 Parameter sensitivity index curve for six population = Supplementation 
sizes and four key female traits | Female reproductive rate 
Digits 1 to 23 in abscissa axis show 23 parameters respectively, as in Table 2. | A ere api ay ce bewen age 0 and 1 
Female initial breeding age 
population, the more critical female reproductive rate + + t à 
3 < 


will be. 

Previous PVA studies of giant pandas suggest that 
populations of less than 30 individuals are unlikely to 
survive 100 years (Wang et al, 2002; Yang et al, 2007). 
Our results concur, and indicate that the two 
subpopulations Minshan and Baicaohe can survive, but 
that the three subpopulations of Guangguangshan, Baihe 
and Zezhawagou will likely become extinct over the 100 
years. Developing a conservation strategy for these small 
subpopulations is therefore urgently needed. Yang (2007) 
proposed supplementing small populations can greatly 
assist in their recovery, even at rates as low as one 
animal every 10 years. Most studies generally agree that 
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Figure 3 Hierarchical cluster analysis using the sensitive index 
of 23 parameters across six population sizes, 
indicating the two clusters based on the nearest 
neighbour distance of all parameters 


any long-term population management strategy should 
aim for an annual extinction probability of less than 2% 
while maintaining more than 90% of current genetic 
diversity (Jiang, 1997). For small and vulnerable 
populations, such as those across the Minshan Mountains, 
the introduction of new animals may be necessary to 
avoid local extinction and maintain sustainable genetic 
diversity 
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The parameter sensitivity curves for the six 
population sizes show that each population experienced 
the same kind of change when the parameters were 
manipulated, but that parameters in small populations 
were relatively more influential. For example, the S, 
value of a given parameter for population popl0 or 
pop20 was double that for pop180 and three to six times 
greater than for pop350 (Figure 3). This factor was 
particularly evident for the key parameters that exert the 
most influence on PVA: female initial breeding age, 
female reproductive rate, female mortality rate between 
age 0 and 1, and mortality rate of adult females. When 
assessing the likely survival of giant panda populations 
through PVA, it is therefore crucial we ensure the 
validity of these four parameters. 


Management implications 

Given the time and costs involved in collecting data 
to accurately determine life history parameters for 
models such as PVA, our results provide a basis for 
concentrating future conservation efforts and research on 
several key traits. We suggest current monitoring 
programs expand to include data collection on the four 
aspects of female biology we have identified here, as it is 
impossible to collect all population and life history data 
via current monitoring programs. 
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Age, growth and reproduction of Sarcocheilichthys nigripinnis from 
the Qingyi Stream in the Huangshan Mountains 


Yunzhi YAN", Yinsheng XU', Ling CHU', Shan HE’, Yifeng CHEN? 


1. College of Life sciences, Anhui Normal University; Provincial Key Laboratory of Biotic Environment and Ecological Safety in Anhui Province, 
Wuhu 241000, China; 2. Institute of Hydrobiology, Chinese Academy of Sciences, Wuhan 430072, China 


Abstract: Identifying the life-history strategies of fish and their associations with the surrounding environment is the basic 
foundation in the conservation and sustainable utilization of fish species. We examined the age, growth, and reproduction of 
Sarcocheilichthys nigripinnis using 352 specimens collected monthly from May 2009 to April 2010 in the Qingyi Stream. We found 
the sex ratio of this study population was 0.58:1 (female: male), significantly different from expected 1:1. Females and males both 
comprised four age groups. The annuli on the scales were formed during February and March. No obvious between-sex difference 
was observed in length-weight and length-scale-radius relationships. The total length in back-calculation significantly increased with 
age for both sexes, but did not differ significantly at each age between the two sexes. An inflection point was observed in the growth 
curves given by the von Bertalanffy growth function for total weight. At this inflection point, fish were 3.95 years. Both sexes reach 
their 50% sex maturity at age 2, when females and males were 94.7 mm and 103.0 mm total length. The temporal pattern of the 
gonado-somatic index corresponded to a spawning period that occurred from April through July. The non-synchronicity of egg 
diameter in each mature ovary during the breeding period suggested these fish may be batch spawners. The absolute fecundity 
increased significantly with total length and weight, whereas no significant correlation was observed between the relative fecundity 
and body size. 


Keywords: Sarcocheilichthys nigripinnis, Age structure; Annulus formation; Sexual maturity; Spawning period; Reproductive 


investment 


The genus Sarcocheilichthys Bleeker (Cyprinidae, 
Gobioninae) is a group of small freshwater fish in East 
Asia, distributed from the Amur River basin to Song-Koi 
River in Northern Vietnam (Fujita et al, 2008; Zhang et 
al, 2008). These fish have an unusual mating system 
whereby the females lay eggs inside the mantle cavity of 
freshwater mussels by a prolonged oviduct, which is the 
same with most Rhodeinae (Cyprinidae) fish (Luo et al, 
1977). At least 10 species and sub-species have been 
recorded for this genus, and the majority of which— 
approximately 8 species and sub-species—are located in 
China (Chen, 1998). The gudgeon S. nigripinnis is found 
in many areas of China, from the Yellow River basin to 
Hainan. This species is usually found in the benthic 
water of slow-flowing (the middle and lower reaches of 


rivers) and lentic systems (lakes and reservoirs). They 
are omnivores mainly feeding on benthic invertebrates 
and alga (Chen, 1998). Although the phylogeny and 
speciation of this genus (Fujita et al, 2008; Zhang et al, 
2008) and the biological traits of some species like S. 
sinensis (Guo et al, 1995; Song & Ma, 1994, 1996) and S. 
variegates (Yonezawa, 1958) have been documented, 
basic biological information of S. nigripinnis is rare. 
Identifying the life-history traits, in particular growth 
and reproduction, of fish and their correlations with the 
surrounding environment is the foundation for developing 
sustainable utilization and conservation of these fishery 
resources (Yin, 1993). However, these fish often exhibit a 
myriad of life-history strategies among different taxonomic 
groupings and spatially separated populations of the same 
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species (Winemiller & Rose, 1992). The interspecific 
variation in life history results from the combined 
influences of environmental conditions and genetic traits 
(Stearns, 1992). The potential mechanisms explaining the 
intraspecific variation in life history involve 
environmental variation, sexual dimorphism, and genetic 
divergence (Hutchings et al, 2007; Yan & Chen, 2007; 
Young, 2005). In addition, life-history strategies are also 
constrained by the trade-off among these life-history traits 
(Stearns, 1992). As a result, taking account that the life- 
history traits of most stream fishes are still unknown, it is 
clearly necessary to improve the research on fish life 
history to better understand how stream fishes correlate 
with surrounding environment and to improve the 
management actions and conservation programs (Wootton 
et al, 2000). In this study, the age, growth, and 
reproduction of S. nigripinnis —the basic elements for 
management action and conservation programs — were 
examined in the Qingyi Stream, a tributary at the lower 
reach of the Yangtze River. 


MATERIALS AND METHODS 


Study area and fish collection 

The Qingyi Stream is in the northern part of the 
Huangshan Mountains of Anhui Province, China, and 
flows northeast toward its confluence with the lower 
reach of the Yangtze River. This stream is 309 km long at 
mainstem and covers 7 195 km? of watershed area. 
Because of the local subtropical monsoon climate, this 
stream is characterized by the asymmetries of seasonal 
temperature and precipitation, with the mean monthly air 
temperatures ranging from —2.1 in January to 27.5 °C in 
July, and an annual mean temperature of 17.8 °C. The 
annual precipitation is close to 2 000 mm/year, 
approximately 80% of which comes during the spring and 
summer, as less than5% comes during the cold and dry 
winter (Yan et al, 2011). 

We collected fish using electro-fishing at Chenjiadan 
(N118°24', E30°33’) in the middle reach of the Qingyi 
Stream. Sampling was conducted monthly during the third 
week of each month, from May 2009 to April 2010. S. 
nigripinnis was sorted out and individually measured for 
total length (L, 0.1 mm), weighed (wetted weight; W, 0.1 
g), and dissected to determine sex from the visual traits of 
the gonads. The gonad was removed, scored in six 
maturity stages following Yin (1993), and weighed (gonad 
weight; GW, 0.01 g). The fish was reweighed after 
removal of the inner organs (somatic weight; SW, 0.1 g). 
All specimens and mature ovaries at stages IV, at which 
ovaries were close to maturity and characterized by well- 
deposited vitellogenic granules and well-developed 
vascularization, were preserved in 8% neutralized 
formaldehyde solution. 

During each sampling, the local environmental 
conditions of the sampling site were described by six 
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variables: elevation, wetted width, water depth, water 
temperature, dissolved oxygen, and current velocity. 
Elevation was determined by a global positioning system. 
Wetted width was measured along five transects, regularly 
spaced across the stream channel. Water depth, 
temperature, and dissolved oxygen were surveyed at four 
equal-interval points along each transect (JENCO 9010, 
USA). Velocity was taken at 60% of water depth at each 
point (FP111 Flow Probe, USA). The seasonal stability in 
habitat variability was estimated by the coefficient of 
variability (CV), a percentage and calculated from the 
mean and standard deviation (SD) as follows: 
CV=SD/Mean (Grossman et al, 1990). 


Age and growth 

Scales taken between the posterior end of the 
pectoral fin and the anterior end of the dorsal fin were 
used to determine age. Age x was recorded when (x-1) 
annuli were observed on the scales. Age estimation was 
independently performed by two investigators and 
accepted when the two readings were identical; 
otherwise, further determination was performed by a 
third person. The age identified by the third person was 
accepted if it was identical with one of the readings by 
the former two readers; if not, this fish was deleted in 
age determination. 

The scale radius (R, 0.1 mm) was measured using 
the Photo Analysis System software, 2.01 (Zhu et al, 
2002). The timing of annulus formation was estimated 
from the monthly changes in the marginal increment 
ratio (MIR) as MIR=(R-r;ax)/(lmax max 1), Where R is the 
scale radius and Fmax is the length of the outermost 
annulus. 

The L—W equation was estimated from W = aL” and 
the L-R equation from Z=a+bR. To estimate the total 
length at age, the back-calculated length (BCL) was 
obtained using the Fraser-Lee equation (Duncan, 1980): 
L,=at(L-a) R,/R, where L, is the L at the formation of 
the n-th annulus, a is the intercept in the L-R linear 
function, and R, is the scale radius of the n-th annulus. 
Growth curves were fitted to the back-calculated data 
using the von Bertalanffy growth function (VBGF) (von 
Bertalanffy, 1938):L=L.(1-e * ©), where L, is the 
predicted length at age ¢, Lo is the mean theoretical 
maximum length, k is the growth rate parameter and tọ is 
the theoretical age at zero length. 


Reproduction 

Maturity was defined as the length and age at which 
50% individuals of each sex were matured. Lsqo, and T50% 
were estimated by fitting the binomial maturity data to 
the logistic function: P=1/[1+e €], where P is the 
proportion of mature fish in each 10-mm size or each 1- 
year age intervals, x is total length or age. Length and 
age at maturity were expressed as —a/b. Breeding timing 
was determined following the monthly changes of the 
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gonad-somatic index (GSI), calculated from 
GSI=100(GW/SW)%. Absolute fecundity (AF) was 
estimated in terms of the number of the oocytes with 
vitellinogenic granules from mature ovaries following 
the gravimetric method (Bagenal & Braum, 1978), and 
relative fecundity (RF) was calculated from RF=AF/SW. 


Data analysis 

A one-sample chi-square test was used to test the 
difference between the observed sex-ratio and expected 
ratio of 1:1. Analysis of covariance (ANCOVA) was 
performed to compare L—W or L-R relationships between 
the sexes. One-way analysis of variance (ANOVA) was 
used to test the variations in BCLs across age groups, 
MIRs across months and GSIs_ across months, 
respectively. Newman-Keuls test was used for post-hoc 
comparisons after ANOVA. An independent-samples t- 
test was used to compare BCL at each age between the 
two sexes. Statistical significance was determined at 
P<0.05. 


RESULTS 


Habitat conditions 

Elevation of this sampling site was relatively low, 
approximately 72.0 m. The streambed was mainly 
composed by mid-size substrates. Wetted width was 
47.00+3.68 (mean+SD) m, water depth was 0.95+0.30 m, 
and current velocity was 0.21+0.05 m/s, with their 
maximum values occurring in summer and the minimum 
in winter. Water temperature ranged from 4.5 (January) 
to 28.3 °C (July), with the mean of 17.9 °C. Dissolved 
oxygen was relatively abundant, approximately 8.39x 10° 
in average. Based on their CVs, wetted width was the 
most stable factor across months (0.08 of CV) while 
water temperature was the most unstable (0.40). The 
other three variables were relatively stable (0.32, 0.24, 
and 0.23 for those of water depth, velocity, and dissolved 
oxygen, respectively). 














Age 

The annuli on the scales of S. nigripinnis were easily 
identified because they showed the general annuli 
characteristics on the scales of most cyprinid, an obvious 
incising track occurring at the annulus location. Of the 352 
specimens of S. nigripinnis collected, 129 were females 
(63.0-125.0 mm L, 2.8-22.2 g W) and 223 were males 
(64.0-119.3 mm L, 2.4-17.4 g W). The sex ratio estimated 
from sex-identified fish was 0.58:1 (female:male), 
significantly different from expected 1:1 ratio (y’=12.78, 
P<0.05). In terms of the numbers of annuli on scales, the 
oldest females and males were both four years old. The 
relative abundance of each age group were 31.0% (age 1), 
47.3% (age 2), 17.8% (age 3), and 3.9% (age 4) for 
females, and 23.8%, 51.1%, 21.5%, and 3.6% (age 1—4) 
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for males, respectively. The preponderant age groups 
were aged | and 2 for both sexes, their relative 
abundance being approximately 80% collectively. 

MIRs varied significantly across 12 months (one- 
way ANOVA, F=13.31, P<0.01). A significant decline in 
GSI was observed from January to March and from July 
to August (P<0.05), while a significant increase was 
from March through June (P<0.05). Some individual 
MIRs close to zero value occurred during February and 
March. The monthly changes in MIRs showed that the 
annuli on scales were formed during February and March 
(Figure 1). 
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Figure 1 Monthly changes in the marginal increment ratio 


(MIR) for S. nigripinnis in the Qingyi Stream 


Solid circles indicate the mean MIR. 


Growth 

The L-W equation was W=2.0x10°L”*? (R°=0.87, 
n=129) for females and W=3.0x10°L**’ (R°=0.79, 
n=223) for males. These equations did not differ 
significantly between the sexes (ANCOVA, F=1.70, 
P>0.05). Accordingly, their L-W relationships were 
combined to give W=2.0x 10 "L3 (R°=0.82, n=352). The 
L-R equations for the females and males were both linear 
and were given by L=0.02R+26.35 (R°=0.56, n=129) and 
L=0.03R+34.94 (R°=0.60, n=223), respectively. They 
could be combined to give L=0.02R+32.36 (R7=0.58, 
n=352) because of no significant difference in these 
equations between the two sexes (ANCOVA, F=0.50, 
P>0.05). 

Li, Ly, and L; in back-calculation were 80.3+10.8 
mm, 90.4+13.5 mm, and 104.6+10.2 mm for females and 
78.6+10.1 mm, 91.8+10.9 mm, and 97.9+12.6 for males, 
respectively. For both sexes, the BCLs were significantly 
different among age groups (one-way ANOVA, F=14.61, 
P<0.05 (females); F=35.58, P<0.05 (males)). Greater 
BCLs were observed at older ages. However, the BCLs 
at specific ages did not differ significantly between the 
two sexes (Lı (t-test, F=0.32, P>0.05), L (F=1.46, 
P>0.05), L; (F=0.36, P>0.05)). 

Since the two sexes did not differ significantly in 
their L-W and L-R equations and their BCLs at each age, 
a combined VBGF fitting the back-calculated data was 
estimated collectively for both sexes as L=172.3[1- 
g 0463.53) “arid WAT.2[ 1—e #3. 53)2.85 (Figure 2). 
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Derived from the VBGFs in total length and weight, the 
growth rates were dL/d=24.12e °°) and 
AW/dt=18.84 60 46353971 201463537185 and the growth 
acceleration equations were d°Lt/d=-3.38e ° #35) and 
d? Wtldt’=2.646 0403) ee eo [2.8560 ee 
—1] (Figure 3). As age increased, fish showed a decrease 
in the rate of growth in total length. However, an obvious 
inflection point was observed in the rate of growth in 
total weight at the age of 3.95 years (Figure 3). 


180 50 
150 4 
E 120 S 
= 30 = 
5 =) 
B90 2 
Z 20 & 
5 60 £ 


0 
30 : 


0 
123 45 67 8 9101112131415 1617181920 
Age (year) 


Figure 2 Von Bertalanffy growth function curves fitted to the 
length-at-age and weight-at-age data for S. nigripinnis in the 
Qingyi Stream 

Solid and dashed lines indicate length and weight, respectively. 
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Figure 3 Curves of growth rate and its acceleration in the von 
Bertalanffy growth function of length and weight for S. 
nigripinnis in the Qingyi Stream 


Solid and dashed lines indicate growth rate and its acceleration, respectively. 
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Reproduction 

Fifty percentages of the two sexes both reach sexual 
maturity at age 2, the second year following its birth. 
Lsoy, was 94.7 mm for females and 103.0 for males, 
respectively (Figure 4). The observed minimum total 
length at maturity was 73.0 mm for females and 90.9 mm 
for males. 
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Figure 4 Percentage contributions of mature female and male S. 
nigripinnis in sequential 10-mm total-length intervals 


Solid and dashed lines indicate the females and males, respectively. 


Both sexes showed significant variations in GSI 
across the 12 months (one-way ANOVA, F=45.02, 
P<0.01 for females; F=6.83, P<0.01 for males). For 
females, the GSI increased markedly in February, 
remained relatively high (approximately 13.0%) from 
February through May, and then declined sharply during 
the period from June through August (Figure 5). The GSI 
of males did not vary acutely as that of females, but the 
two sexes showed a similarity in the temporal pattern in 
GSI (Figure 5). In addition, the gonads at stage V, when 
gonads were wholly matured, were observed during the 
period from April through July. Accordingly, the 
breeding activities of this species occur from April 
through July. 
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Figure 5 Monthly changes in gonado-somatic index (GSI) of 
female and male S. nigripinnis in the Qingyi Stream 


Solid and dashed lines indicate the females and males, respectively. 


Www.zoores.ac.cn 


Age, growth and reproduction of Sarcocheilichthys nigripinnis from the Qingyi Stream in the Huangshan Mountains E29 


The diameter of eggs from 10 mature ovaries in 
May did not significantly differ across the 10 ovaries 
(one-way ANOVA, F=0.12, P>0.05). However, the eggs 
of each ovary showed non-synchronicity in their 
developmental processes, because two obvious peaks 
were observed in the diameter-frequency distribution. 
The egg diameters ranged from 1.2 mm to 2.6 mm for 
the first peak and from 2.6 mm to 4.0 mm for the second 
peak, respectively (Figure 6). This suggests that S. 
nigripinnis in the Qingyi Stream are batch spawners. 

A total of 32 mature females collected during April 
and May were used for fecundity estimation. AF ranged 
from 141 to 1263 eggs, with a mean of 446 eggs. AF 
showed significantly correlations with total length 
(Pearson’s correlation, P<0.01) and weight (P<0.01) and 
increased with total length and weight, as specified by 
the functions AF=7.0x10°L**' (R*=0.41, n=32) and 
AF=76.5W-83.4 (R°=0.49, n=32). RF ranged from 30.0 
to 180.9 eggs/g, with a mean of 80.1 eggs/g, and was not 
significantly related with total length and weight (both 
P>0.05). 
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Figure 6 Frequency distribution of egg diameter in the breeding 
season for S. nigripinnis in the Qingyi Stream 


DISCUSSION 


Age structure and annulus formation 

Based on the age determined from scales, both 
female and male S. nigripinnis in the Qingyi Stream 
comprised four age groups, with the preponderant age 
groups being ages 1 and 2 for both sexes, of which the 
relative abundance was approximately 80%. This 
distribution is similar to the age structure of another 
Sarcocheilichthys fish, S. sinensis, revealed by Song & 
Ma (1994) and Guo et al (1995), respectively. These 
authors found that the largest longevity of S. sinensis was 
four years in the middle reach of the Yangtze River 
(Song & Ma, 1994) and five years in the Xihe River in 
Sichuan Province, Western China (Guo et al, 1995). 
Additionally, our results showed that S. nigripinnis in the 
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Qingyi Stream reach the inflection point in weight- 
growth at the age of 3.95 years. The fact that most fish of 
S. nigripinnis are at a younger age than the inflection 
point suggests that this population has a young age 
structure. This age-lowering is also observed for other 
fish species like Acrossocheilus fasciatus (Yan et al, 
2010a) and Zacco platypus (Xiang et al, 2009) in this 
study area. We suggest that it may be possible there are 
negative effects of local human activity, such as 
damming, over-fishing, and water pollution (Yan et al, 
2009, 2010b, 2011) which play a role. 

Our results on the monthly changes in MIR showed 
that the annuli on the scales of S. nigripinnis in the 
Qingyi Stream were formed during February and March. 
This result is approximately consistent with the timing of 
annuli formation for the other two cyprinid fish in the 
same stream, A. fasciatus (Yan et al, 2010a) and Z. 
platypus (Xiang et al, 2009). Annulus formation in fish is 
determined by either periodic environmental conditions 
(e.g., water temperature and food supply) or periodic 
biological events (e.g., reproduction and migration) 
(Lowe-McConnell, 1987; Yan & Chen, 2007). For 
riverine fish, the factors influencing annulus formation 
involve low water temperature, drawdown, and breeding 
activity of fish (Welcomme, 1979). Yan et al (2010a) and 
Xiang et al (2009) related the timing of annuli formation 
for the two cyprinid fish (4. fasciatus and Z. platypus, 
respectively) to the seasonal pattern of local water 
temperature in the Qingyi Stream. Locally low water 
temperature during the winter (approximately 0 °C) can 
constrain fish somatic growth, but the relatively high 
temperature during the late spring (approximately 20 °C) 
will release this constraint. Therefore, the resulting shift 
in fish somatic growth induces the annuli formation for 
fish during the late spring. A similar explanation may be 
suitable for the factor of drawdown, because rainfall 
varies seasonally with the similar rhythm with 
temperature in the Qingyi Stream watershed, 
characterized by the subtropical monsoon climate. 
However, due to our observation that S. nigripinnis 
spawn from April to July, the breeding activity of this 
population may not account for their annuli formation 
(Yan et al, 2010a). 


Somatic growth and sexual dimorphism 

In our results, the maximum total lengths of S. 
nigripinnis in the Qingyi Stream were 125.0 mm for 
females and 119.3 mm for males — lower than the 
historical maximum recorded total length for this species 
of approximately 140.0 mm (Chen, 1998). Taking no 
account of the possible difference in body size among 
different populations for this species, the difference in 
the maximum total lengths between this study and 
historical data perhaps suggests that this population in 
the Qingyi Stream has experienced the length-decreasing, 
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as well as the age-lowering discussed above. Potentially, 
over-fishing in this area may be an important cause for 
decreasing length of S. nigripinnis, because old fish with 
larger bodies are the primary target captured in fisheries 
(Yan et al, 2007). In addition, our results showed that the 
maximum total length in estimation was 172.3 mm for S. 
nigripinnis in the Qingyi Stream, which is higher than 
the recorded 140.0 mm. Despite of the general reasons 
that fish cannot reach their theoretical life-expectancy 
because of ecological limitation (e.g., abiotic factors, 
resources, predators, and disease) (Yin, 1993), the 
possible absence of old-fish data in this study may 
possibly result in the overestimation of the maximum 
theoretical total length of this species (Yin, 1993). 

Sexual size dimorphism—the body size of the male 
relative to the body size of the female—reflects the 
relative influence of natural and sexual selections on 
both sexes (Shine, 1989). For many fish species, females 
are larger than males, which is favorable for females to 
enhance their reproductive investment and offspring 
output (Hedrick & Temeles, 1989). Alternatively, if 
natural selection for female fecundity is weaker than 
sexual selection, males are larger than females, resulting 
in mating systems with male-male contests and female 
choice for larger male size (Pyron, 1996). Our results 
showed that the two sexes of S. nigripinnis did not differ 
significantly in their L-W and L-R equations and their 
total length back-calculated at each age. This indicates 
that this species does not present sexual size dimorphism. 
However, associated with their unusual mating system 
where females lay eggs inside the mantle cavity of 
freshwater mussels, the female has a prolonged oviduct 
beneath its cloacal aperture during the breeding seasons 
(Luo et al, 1977), and the male is characterized by more 
florid body color than the female (Chen, 1998). 
Consequently, for S. nigripinnis, sexual selection is 
perhaps the primary driver determining the evolution in 
sexual dimorphism, and female fish are prone to choose 
the males with more florid body color, not larger body 
size, in their mating system with male-male contests. 
Furthermore, it is worth mentioning that our results 
showed that the females of S. nigripinnis were 
significantly fewer than males. This suggests the 
potentially intensive male-male contest in the mating 


References 


Alkins-Koo M. 2000. Reproductive timing of fishes in a tropical 
intermittent stream. Environ Biol Fish, 57(1): 49-66. 


Bagenal TB, Braum E. 1978. Eggs and Early Life History. In Methods 
for Assessment of Fish Production in Freshwaters. Bagenal TB. Ed. 
Oxford: Blackwell Scientific Publication, 165-201. 


Chen YY. 1998. Fauna Sinica, Osteichthyes, Cypriniformes (Middle 
volume) . Beijing: Science Press. 


Zoological Research 


system of this species, as most cyprinid fish are generally 
paired by one female and one male in their mating course, 
regardless of the fish population sex ratio (Yin, 1993). 


Timing of spawning and sexual maturity 

Most riverine fish spawn during the period 
coinciding with the timing of local flood (Welcomme, 
1979). Alkins-Koo (2000) explained this flood-related 
adaptive spawning by arguing the mechanisms of 
flooding could extend the breeding habitat, increase food 
availability, and alleviate crowding and predation 
pressure. Our results showed that S. nigripinnis in the 
Qingyi Stream spawn from April to July. This timing is 
consistent with the observed spawning time for S. 
sinensis in the middle reach of the Yangtze River (Song 
&Ma, 1994), but different from S. sinensis in the Xihe 
Stream in Sichuan Province, which spawn from March 
through May (Guo et al, 1995). Additionally, for A. 
fasciatus (Yan et al, 2009) and Z. platypus (Xiang et al, 
2009) in the Qingyi Stream, their breeding timings are 
approximately similar with the result we observed in this 
study. Due to the local subtropical monsoon climate, 
most annual precipitation occurs from April through 
September within the Qingyi watershed. Clearly, the 
timings of spawning of these fish in the Qingyi Stream 
coincide with local flooding season, suggesting the 
flood-related adaptive spawning for these fish. 

Sexual maturity, an important life-history event of 
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result in shorter longevity, slower somatic growth, and 
lower absolute fecundity (Heino et al, 2002). In our 
results, both female and male S. nigripinnis reach 50% 
maturity at the age of 2 years, which is consistent with 
those of S. sinensis in the middle reach of the Yangtze 
River (Song & Ma, 1994) and of the two small cyprinids, 
A. fasciatus (Yan et al, 2009) and Z. platypus (Xiang et al, 
2009), in this study stream. This early maturity observed 
for these fish species, as well as short longevity, fast 
somatic growth, and low fecundity, is perhaps due to the 
life-history strategies of most small fish having 
opportunistic and periodic strategy (Winemiller, 1992). 
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Zoological Research Call for papers 


The 1“ issue, 2013, “Special Issue for Primates and Animal Models of Human Diseases” 


To whom it may concern: 

Co-organized by the Key Laboratory of Animal Models and Human Disease Mechanisms of the Chinese Academy 
of Sciences & Yunnan Province and Zoological Research, two special issues for Primates and Animal models of Human 
diseases [32(1),2011 & 33(1),2012] have been released. The first special issue [32(1), 2011] has significantly increased 
the journal hits on PubMed (500 times more than last month) and during the next couple of months, the editorial office 
received about 40 related submissions. After peer-reviewing, 18 manuscripts have been accepted and published in the 
second special issue [33(1),2012]. 


Following the success of last two special issues, the preparation of the third special issues for Primates and Animal 
models of Human diseases (the first issue of 2013) is already in the agenda of Zoological Research. Importantly, 
Zoological Research has decided to make this annual special issues as its features. So, we sincerely welcome any 
relative contributions from you and your research teams, following are the details. 


1) Contribution scope and requirements 

The relative research on primates and tree shrew, which including basic biology, molecular biology, genetics, 
biochemistry, neurobiology, hematology, physiology, reproductive biology, biology of evolution, immunology, virology, 
pathology, etc. The researches should focus on diseases mechanisms and animal model establishment. Both submissions 
in English and Chinese are acceptable, while manuscripts in English are preferable. For reviews and reports, they 


should be limited within 8,000 words, and for research articles, there’s no strict word limitations. 


2) Contact us 

You can send you articles by E-mail (zoores@mail.kiz.ac.cn) or use our online submission system 
(http://www.zoores.ac.cn/EN/volumn/current.shtml). Please label “submission for the special issue of the animal models 
of human disease” in front of your *.word file. 

Deadline: 30", September 2012. 


We appreciate your support, thank you! 
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